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resumo 
 
Hoje em dia, a tecnologia de fibra óptica está a ser amplamente usada nas 
áreas de telecomunicações e sensores. Historicamente, as qualidades das 
fibras ópticas poliméricas (POFs) têm sido menosprezadas devido à 
popularidade das fibras óticas de vidro. Tal facto advém maioritariamente da 
sua elevada atenuação. No entanto, os materiais que compõem as POFs têm 
vindo a melhorar significativamente nestes últimos anos. Nesse sentido, a 
emergência de novas técnicas e dispositivos têm vindo a ser demonstradas/os. 
Considerando o campo das telecomunicações, as POFs estão a crescer 
rapidamente em aplicações de redes de acesso. Além disso, o advento da 
operação monomodo e das redes de Bragg em POF estão a ser amplamente 
explorados em aplicações de sensores e portanto, este tipo de tecnologia 
tenderá a ser uma realidade num futuro próximo. 
Devido à necessidade de criar uma conexão de baixa perda entre fibra óptica 
de vidro e polimérica, será demonstrada uma nova técnica capaz de produzir 
terminais de POF de alta qualidade, num processo rápido, fácil e 
semiautomático. A conectorização destes tipos de fibras será também 
analisada nesta dissertação. 
No seguimento desta tese serão desenvolvidos dois sistemas de gravação de 
redes de Bragg em POF. Num dos sistemas será usado o tradicional laser de 
HeCd com operação nos 325 nm, sendo que noutro será usado o laser de KrF 
com operação nos 248 nm. Os resultados mostrarão a capacidade de gravar 
redes de Bragg em POF em apenas alguns segundos, contrariamente às 
várias dezenas de minutos necessários com o laser de 325 nm. Com base no 
sucesso dos resultados, o sistema de gravação que opera nos 248 nm será 
usado para fabricar redes de Bragg noutros tipos de fibras, incluindo as de 
índice em degrau, micro-estruturadas e sem bainha. A gravação de redes de 
Bragg de excelente qualidade em POFs de elevada birrefringência também 
será apresentada. A separação entre picos de ressonância irá ser usada para 
estimar a birrefringência de fase, que será então comparada com a obtida por 
simulações numéricas e com recurso ao método de varredura de comprimento 
de onda. 
As redes de Bragg produzidas pelos métodos anteriores serão então 
caracterizadas à deformação, temperatura, pressão, humidade e índice de 
refracção. Os resultados serão comparados com a literatura e com aqueles 
encontrados teoricamente. 
Um dispositivo de interferência multimodal feito pela conexão de duas fibras 
ópticas monomodo de vidro a uma fibra óptica multimodo de polímero, será 
usado para demonstrar a medição de deformação e temperatura. As 
capacidades de absorção de água, oferecidas pelo material à base de 
polimetilmetacrilato serão usadas para medir humidade. 
No final desta dissertação, um sensor híbrido composto por um dispositivo de 
interferência multimodal, baseado em POF e contendo uma rede de Bragg, 
demonstrará a capacidade de medir deformação, temperatura e índice de 
refracção. A propriedades de baixa absorção de água por parte do material 
que compõe a fibra polimérica será usada para demonstrar insensibilidade à 
humidade por parte do sensor. 
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abstract 
 
Nowadays, fiber optic technology is being widely employed in communication 
and sensing areas. Historically, the qualities of polymer optical fibers (POFs) 
have been overwhelmed by the popularity of the silica optical fibers. This has 
been mainly due to the POFs higher transmission loss. However, in last years, 
POF materials are improving their performance. Therefore, the emergence of 
new devices and techniques have been demonstrated. Considering the 
communications field, POFs are growing rapidly in fiber to the home 
applications. Additionally, the advent of single mode operation and fiber Bragg 
gratings in POFs are being widely explored in several sensing applications. 
Consequently, this technology will tend to be a reality in a near future. 
Due to the need of a low loss connection between silica and polymer optical 
fibers, it will be demonstrated a new technique capable to produce POF 
terminals of high quality in an easy, fast and semi-automated process. The 
connectorization of these types of fibers will be then analysed in this 
dissertation. 
The development of two Bragg grating inscription systems for POFs will also be 
explored in this thesis. One of the systems will employ the traditional HeCd 
laser operating at 325 nm, while the other will use the KrF laser operating at 
248 nm. Results will show the capability to write Bragg gratings in a POF in few 
seconds, contrary to the several tens of minutes reported for the 325 nm 
radiation. Based on the success of the results, the 248 nm inscription setup will 
be used to inscribe Bragg gratings in other types of POFs, including step-index, 
microstructured, and unclad POFs. The inscription of a high quality Bragg 
grating in a high-birefringence POF will also be presented and the phase 
birefringence arising from the Bragg peak separation will be compared with the 
numerical simulations togheter with the wavelength scanning method. 
The fiber Bragg gratings produced through the previous methods will be 
characterized to strain temperature, pressure, humidity and refractive index. 
Results will be compared with literature and with the ones found theoretically. 
A multimode interference device made by sandwiching a multimode POF 
between two single mode silica fibers will be used to demonstrate the ability to 
measure strain and temperature. The water absorption capabilities offered by 
the polymethylmethacrylate material will be used to measure humidity. 
At the end of this dissertation, a hybrid sensor composed of a POF based 
multimode interference device, comprising a fiber Bragg grating, will 
demonstrate the capability to measure strain, temperature and refractive index. 
The low water absorption properties of the material that composes the POF will 
be used to demonstrate a POF sensor with humidity insensitiveness. 
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e Engineering stress 
tr True stress 
y Yield strength 
 Quantum number (section 2.6.1.2) 
 Velocity of light in the medium 
 Water sorbed by the polymer 
 Thermo-optic coefficient 
(y) Modal field distributions of all modes 
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Chapter 1 
1. Introduction 
In the early fifties, some of the first optical fibers were made of polymer core 
surrounded by beeswax, acting as the cladding material. Later on, the coating material was 
replaced by a liquid polymer which was cured and finally painted with black lacquer to 
prevent leakage of light [1]. The rudimentary use of paint explains itself the poor guidance 
mechanisms. In parallel to these works, silica fibers were also developed using in some 
cases polymer as the cladding material. A decade later, the material absorption losses were 
too high, reaching 1000 dB/km for silica based fibers, limiting the transmission distances 
to tens of meters [2]. At that time, Charles Kao theoretically predict that using the purest 
glass, it was possible to transmit light signals over 100 km, contrasting with the reality of 
those days [3]. After his work, silica fibers with losses of about 20 dB/km where 
successfully developed [4]. In the early seventies, they were available in large quantities 
and at low prices, comprising losses below 1 dB/km at the infrared region [5]. The success 
led to the development of the first fiber optic communication system in 1976 [4]. 
Currently, silica fibers form the backbone of modern telecommunications systems, where 
fiber loss values reach 0.15 dB/km at the 1550 nm region [6]. 
The first polymer optical fiber (POF) to be manufactured was Crofon
TM
, which was 
invented by DuPont in 1963 [5]–[7]. The fiber was based on a step-index (SI) profile, with 
a multimode (MM) core composed of polymethylmethacrylate (PMMA), where the 
attenuation was as high as 1000 dB/km at 650 nm. In 1972, Toray Co., Ltd. presented the 
first SI-POF based on polystyrene (PS) core, with attenuation of 1100 dB/km at 
670 nm [8], [9]. Three years later, Mitsubishi Rayon Co., Ltd. commercialized the first 
PMMA based SI-POF (Eska
TM
) [4]. The POFs produced at that time were almost 
approaching its theoretical loss limit of 125 dB/km at the wavelength of 650 nm [5]. 
However, due the great success of silica fibers at those days, POFs suffer a slowdown in 
their development. This was essentially caused by the intrinsically higher losses that 
polymers have when compared with silica. 
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In the nineties, data communication in the backbone telecommunications systems 
become totally digitalized. Additionally, the increase number and use of home computers, 
televisions, digital systems for private users, etc., have increase rapidly [5]. The demand 
for high capacity not only in the long-haul systems but also in short-haul communication 
links become a reality. At that age, researchers around the world turned their attention to 
POFs due their opportunities in short range applications, when compared with coaxial 
cables and silica single mode fibers [10]. Concerning coaxial cables, POFs, as it occurs 
with silica fibers, have low weight, immunity to electromagnetic interference and higher 
transmission capacity. Regarding silica fibers, POFs are easy to handle, flexible even with 
large cores, resistant to impacts and vibrations, capable to incorporate many forms of 
dopant materials, economical and easy to mould and manufacture. These advantages lead 
to consider this fiber appropriate for fiber to the home (FTTH) applications [4], [8]. 
On the other hand, POFs are being pointed as a viable alternative to silica based fibers 
in other industries, such as: in the automobile, imaging, lightning and sensing. In fact, 
POFs are mainly composed of PMMA, a material with a Young‟s modulus thirty times 
lower than silica, and with a higher thermo-optic coefficient [6]. Additionally, PMMA has 
biological compatibility [11], high water sorption capabilities [12] and high elongation 
limits. These advantages are well attractive especially the elongation limit, in which large 
strains can be imposed in POFs without breaking the it [13]. 
In the early 1990s, Kuzyk et al. demonstrate for the first time a SI-POF with single-
mode (SM) operation [14]. The success of the work opened the possibility to explore 
different fiber optic technologies i.e. [13], [15], [16]. However, the majority of polymer 
materials (not including fluorinated materials), have their transmission window localized at 
the visible region, where single mode operation is difficult to achieve, due the balance 
between refractive index contrast and core radius. The solution for that was demonstrated 
in 2001 by van Eijkelenborg and co-workers [17], which employed a microstructured 
design in POFs, following the work of Knight et al. [18] which were pioneered on the first 
silica “holey” fiber, also known as photonic crystal fiber (PCF). In fact, the arrangement of 
the hole structure offers the ability to remain single mode at all wavelengths for which the 
material is transparent, also known as endlessly single mode operation [19], contrary to SI 
fibers. Additionally to this feature, fibers can also be designed to be highly 
birefringent [20], to adjust the dispersion behaviour [21], among many other features. 
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In any fiber optic system, the end face termination of any optical fiber is extremely 
important. That is related with the loss induced by irregularities at the end face terminal. In 
silica based fibers, the process can be easily accessed through the scribe-and-break 
strategy, which is capable to produce a perfectly flat end face terminal. The technique takes 
advantage of the brittle nature of silica material. However, the same does not apply to 
polymer materials, which are ductile in nature. In literature, several works have been 
reported to produce the best POF end face termination, some of the most highlighted by the 
research community are the hot blade cleaving [22]–[25], and the connectorization 
process [26], [27]. 
Among the different technologies available today, fiber Bragg gratings (FBGs) are 
pointed out as an interesting device for performing all-optical signal processing and for 
sensing applications. FBGs have been firstly introduced in 1978 by Hill et al. [28], by 
launching an intense Argon-ion laser into an optical fiber doped with germania, creating a 
standing wave that has modulated the refractive index of the core‟s optical fiber. In the 
subsequent years, many techniques have been developed and FBGs in silica fibers are now 
widely spread and commercially available. 
The description of photosensitivity in PMMA based materials can be traced back 
before the discovery of the photosensitivity in silica based fibers. In fact, the very early 
works related with photosensitivity in PMMA materials are found in 1970s at the Bell 
Laboratories using a 325 nm ultraviolet (UV) radiation [29], [30]. Since then, this 
wavelength light has been the preferred choice for refractive index modification in PMMA 
materials. The main mechanisms behind refractive index modification in polymer materials 
are in a complex topic, where several mechanisms can occur, depending on the irradiation 
wavelength, power and polymerisation process. Possible mechanisms behind that, have 
been described as photodegradation, photo polymerisation, and enhancing and reducing the 
cross linking between the polymer chains. Nevertheless, the photosensitivity mechanisms 
behind the most used UV light for FBG fabrication in silica fibers (i.e. 248 nm), was also 
employed for the refractive index modification of PMMA [31], [32]. Küper and Stuke [33], 
were pioneered in those works by performing infrared and UV spectroscopic experiments 
on irradiated PMMA films. Results revealed the presence of new absorptions bands (ester 
bands), concluding the formation of photoproducts in the exposed areas, including methyl 
formate. The results were confirmed by a subsequent study done by Srinivasan et al. [34]. 
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Wochnowski et al. [32], described in detail the photoproducts generated from samples 
irradiated under low fluence (I) and low repetition rates (R). Among those, they have 
detected free methyl formate radicals that were due to a complete side chain separation 
from the main polymer chain. Continuous radiation led to the detection of other products 
like methane and carbon dioxide as a result of the degradation of the free ester radical. For 
high cumulative energy, the complete separation of the side chain of PMMA causes the 
formation of a radical electron at the -C-atom. This promotes destabilization of the 
polymer main chain, causing its scission and leading to the formation of a C=C double 
bond, or less often to a main chain scission. As result, they observe a refractive index 
increase at the beginning of irradiation as a consequence of volume contraction by the Van 
der Waals interactions due to the complete separation of the polymer side chain. At the 
end, the refractive index decreased, which they assume to be related to the degradation of 
the main polymer structure. 
The interesting opportunities of combining both FBG and POF technologies was 
reported in 1999 by the group of Pak L. Chu [13], which were able to inscribe a polymer 
fiber Bragg grating (POFBG) at the infrared region in a SI-POF using the 325 nm 
UVradiation. Six years later, the group of David J. Webb reported the inscription of Bragg 
gratings at the infrared region in microstructured polymer optical fiber (mPOFs), either SM 
and MM [35], using the same writing wavelength. On the other hand, the success 
inscription of POFBGs at the 600 nm region, where most of the polymers offer lower 
attenuation, has also been reported [36]–[38]. Due the easy implementation, the phase 
mask technique is the most preferred choice among the different authors. Conversely, other 
inscription methods have been reported, such as the combination of the phase mask and 
ring interferometry [13], [39], [40], and the point-by-point and line-by-line through a 
femtosecond laser [41], [42]. Despite the opportunities of implementing the 248 nm laser 
systems currently in use for the FBG inscription in silica fibers, this UV light was not 
considered suitable for POFBG inscription because, according to Peng et al., the fiber 
absorption at this wavelength was very high [43]. This conclusion was obtained since the 
Bragg grating created on a polymer preform was a surface relief grating [43], [44]. 
However, details about the laser parameters and exposure time, may indicate that the 
threshold for ablation was exceeded, prompting to a periodic removal and ablation of the 
polymer preform surface. 
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After the demonstration of the inscription of a POFBG [13], a subsequent publication 
from the same group, reported the use of the special mechanical properties of POFs to tune 
a POFBG in about 70 nm with 5 % strain [45]. Nevertheless, the first application of a 
POFBG was demonstrated for a tuneable laser cavity mirror six years later [16]. 
Additionally, the capability to tune a POFBG in about 18 nm for a temperature variation of 
50 ºC was also undertaken by the same authors [46]. Results revealed a negative 
wavelength shift for increasing temperature, however, the thermal response of the POFBG 
revealed a non-linear behaviour. Further research by the scientific community revealed that 
it was due to the stress relaxation of the polymer chains that were “frozen in stress” after 
the fiber drawing process [47]. In order to remove such detrimental effect, the fibers should 
be annealed prior to the thermal characterization. Some polymer materials such as PMMA 
have the capability to absorb the water content in the surrounding environment, which 
consequently increases the polymer refractive index and imposes volumetric changes on 
the polymer fiber. This special characteristic led to the development of POFBG based 
humidity sensors [48]. Conversely, this humidity sensitivity can bring detrimental effects 
on the detection of other parameters such as strain or temperature, due the cross sensitivity 
issues. For that reason, POFBGs in humidity insensitive materials such as TOPAS
®
 have 
been reported [49]. Due the much lower Young‟s modulus of POFs compared to silica 
fibers, POFBG based pressure sensors have also been reported to provide high pressure 
sensitivity [50]. Furthermore, POFBGs have extended their use in other applications, 
examples of that are: biochemical concentration sensor [51]; acoustic sensors [52], 
accelerometers [53]; textile monitoring [54]; among many others. 
Another fiber optic technology that is receiving attention in recent years is the fiber 
modal interferometry, commonly known as MMI (multimode interference). This device 
has been fabricated using a silica MM fiber sandwiched between two silica SM fibers 
producing a single-mode-multimode-single-mode (SMS) fiber structure. The inherent 
simple fabrication, low production cost and the high sensitivity and compactness that can 
be obtained, were used for the detection of a variety of parameters, such as: strain [55], 
temperature [55], [56], liquid level [57], refractive index [58], magnetic field [59], etc.. 
The different opportunities of POFs when compared with silica fibers, led Huang et al. 
in 2012 to develop the first MMI structure incorporating a POF [60]. The structure was 
composed of a PMMA based MM-POF spliced in the middle of two silica SM fibers, and 
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it was used to demonstrate large strain measurement. Later, Numata et al., have used the 
same configuration for the characterization of strain and temperature using 
perfluorinated [61] and also partially chlorinated [62] MM-POFs, in the low loss region of 
the fibers. The results revealed a much higher sensitivity than the ones reported for silica 
based MMI sensors. The higher values were accordingly to the authors possibly related 
with the unique core polymer properties. 
The combination of silica fiber optic technologies such as FBG and SMS structures 
has also been explored in a variety of areas. By doing that it has been allowed the 
opportunity to simultaneous detect different parameters such as strain and 
temperature [63], strain and bending[64], refractive index and temperature [65], among 
others. 
1.1 Thesis Motivation and Outline 
The main objective of this dissertation was the development of new devices and 
techniques, capable to enhance the current state of art of polymer optical fiber based 
technologies. Despite the high characteristics offered by POFs, there are several issues 
when working with these fibers. Those are found at the very beginning of the production of 
any POF based device. Examples of that are the cleaving and splicing processes required to 
have the fiber ready to work. The problem becomes even worst when considering POFs of 
thin diameter, or the presence of air holes in case of microstructured fibers. For the fiber 
cleaving, it has been reported the formation of several defects such as cracks, surface 
roughness, core shift, among others, which inevitably lead to have high coupling losses. 
On what concerns the splicing methods, the conventional hot melting process reported for 
silica fibers, cannot be employed to fuse a silica based fiber (which is the conventional 
light delivery system), to a POF. This happens due the difference between the glass 
transition temperature of both materials. 
The combination of FBG and POFs brought several opportunities mainly in the 
sensing domain. The production of these fiber structures has been essentially done through 
the use of a continuous wave (CW) Helium Cadmium (HeCd) laser operating at 325 nm 
UV radiation. The technique has been essentially employed through the phase mask 
technique, and several tens of minutes have been reported for the fabrication of a single 
Bragg grating. Constrains related with the stability of the mechanical apparatus may arise 
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due the size of the structures being created. Additionally, volume fabrication of these 
structures may be challenging for the future of this technology. 
Another interesting fiber optic technology that has been recently explored in polymer 
optical fibers is the multimode interference. This fiber optic technology has been 
implemented through the use of a multimode polymer optical fiber (MM-POF) sandwiched 
between two silica single mode fibers. Some of the key features are the high sensitivity, 
low cost and easy fabrication. Additionally, POFs can be made of a variety of materials 
and therefore, the composition of the POF can be tailored to satisfy the demands of a 
specific application. 
In the overall this thesis is composed of six chapters, being the content of each chapter 
organised in the following way: 
 
Chapter 1 gives the motivation of the work, defines the layout of the thesis and presents 
the main scientific achievements. 
 
Chapter 2 reviews the basic principles of the guiding properties in optical fibers and 
presents the concepts of three main types of optical fibers, namely step-index, graded-
index and microstructured. Additionally, the most important properties of polymers needed 
for the production of polymer optical fibers are briefly reviewed. Whenever possible a 
comparison between the different polymer materials is presented. Furthermore, the most 
popular polymer optical fiber materials are then introduced, with special focus for their 
attributes. The most used techniques for the production of POFs are then shown, followed 
by the description of the loss mechanisms in both polymer materials and POFs. 
 
Chapter 3 explores the development of a new technique capable to produce POFs end face 
with high quality, in order to develop a low loss fiber splice. For that, the two most 
employed techniques, respectively, the hot blade cleaving technique and the connector 
polishing process will be explored. Therefore, the devices needed for such applications will 
be developed. The results will be discussed and the main drawbacks will be pointed. Based 
on the disadvantages i.e. time consumption process for the hot cleaving method and core 
misalignment for the connectorization process, it will be developed a technique based on a 
dual step procedure, where the fibers are first cleaved by hand and then polished in a 
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commercial device by using semi-automated process. The end face terminal of the 
prepared fibers will be analysed, by measuring the dimension of the structures and 
comparing it with the ones given from the fiber manufacture. 
The different splice loss mechanisms will be reviewed and a theoretical loss estimation 
for some of the fibers under study will be given considering only a mismatch between the 
core diameter of the fibers. Additionally, the splicing technique through the UV curing 
process and butt coupling will be explored, where a mechanical apparatus is described to 
perform an easy alignment. The POFs near field pattern will be under analysis for the 
coupling process and the splice losses between silica and the prepared POFs will be 
presented. 
 
Chapter 4 starts by presenting the photosensitivity mechanisms of PMMA under UV 
radiation. The types and general properties of fiber Bragg gratings are then introduced. A 
setup based on the phase mask method employing the most preferred UV radiation (i.e. 
325 nm) is then explained. POFBGs are then demonstrated at the 850 nm and 1550 nm for 
different POFs. The gratings types will be discussed in parallel with the mechanisms 
behind the refractive index modification in the irradiated area. 
Due the limitations imposed by the time needed to write a single POFBG with the 
325 nm UV laser, and knowing that photosensitivity increases for deeper UV wavelengths, 
it will be explored the use of a 248 nm UV laser. The careful control of the laser 
parameters (repetition rate and energy (E)), will be under analysis revealing that a POF can 
be irradiated under an incubation phenomenon, for which there is no signs of polymer 
ablation. The phase mask method is then employed for the Bragg grating inscription, and 
the laser parameters are chosen to be within the incubation phenomenon. Results will 
reveal the capability to write a POFBG in tens of seconds. The grating type will be 
analysed and the refractive index modification will be discussed. The setup will then be 
employed for the fabrication of FBGs in other POFs revealing similar results. Due the 
multiplexing capabilities offered by FBGs, a POFBG array will be demonstrated. 
Later, on this chapter, two different highly birefringent mPOFs (HiBi-mPOFs) will be 
under analysis for the inscription of POFBGs. Prior the inscription the theoretical phase 
birefringence is calculated using a numerical simulation. This is done by calculating the 
difference between the effective refractive index of the fundamental mode in each 
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orthogonal polarization.On the other hand, the wavelength scanning method will also be  
employed to determine the experimental phase birefringence. POFBGs will then be 
inscribed in the mPOFs and the phase birefringence arising from the Bragg peak separation 
will be used to compute the experimental phase birefringence. At the end, the results 
obtained for the phase birefringence for the three methods will be discussed. 
 
Chapter 5 introduces the use of POFBGs fabricated through the methodologies described 
in chapter 4, for the production of: strain, temperature, pressure, humidity and refractive 
index sensors. For the strain characterization, a tensile test is firstly employed in order to 
estimate the mechanical characteristics of the POFs. After that, different POFBGs are 
characterised up to the elastic limit, calculated trought the tensile test. The POFBGs 
wavelength shift as well as the sensitivity will be analysed and compared with the values 
found theoretically and the ones found in literature. For the temperature and humidity test, 
the POFBGs are kept in a climatic chamber, and it is waited enough time for the POFBG 
signal stabilization. Results will be analysed compared with literature ones. Concerning the 
pressure tests, the POFBGs will be inserted in a plastic pipe that is connected to a 
compressed air cylinder. The POFBG wavelength shift as well as the sensitivity will reveal 
a positive wavelength shift with an absolute value fifty times higher than the one found 
theoretically for silica FBGs. At the end of this section, the refractive index 
characterization will be described. Regarding that, a POFBG is immersed in different 
solutions of water/glucose. The results will reveal that the water retained by the polymer 
matrix, will depend on the osmotic pressure imposed by the solution concentration, which 
will be reflected as a change in the resonance Bragg wavelength. 
 
Chapter 6 gives a small review on the theoretical concepts underlying multimode 
interference in optical waveguides. For that, it will be used the descriptions found for the 
mode propagation analysis. Multimode interference in optical fibers is then introduced and 
an example based on an SMS structure is given. Furthermore, an SMS structure based on a 
multimode POF sandwiched between two single mode POFs, is created and characterized 
to strain temperature and humidity. Results obtained for the strain and temperature 
characterizations are then compared with literature. Concerning the humidity results, it will 
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be demonstrated for the first time the capability to detect this parameter using this type of 
structure. 
 
Later in this chapter it will be introduced an SMS structure based on a hybrid POF 
based sensor. It is based on a POF based SMS structure containing a POFBG. The 
multimode POF employed in the sensor fabrication is composed of a single material also 
known as no-core. The fiber structure will be characterized to strain, temperature, humidity 
and refractive index. Results will reveal that the fiber structure is capable to measure strain, 
temperature and refractive index, with the ability to be almost humidity insensitive due the 
low water absorption of the POF material employed. 
 
At the end of this dissertation, a summary of the work with the most important milestones 
will be given. Additionally, an outlook of the future techniques and improvements in the 
current work will also be addressed. 
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1.2  List of Publications 
The work presented in this thesis was accomplished by ten international peer reviewed 
journal papers and by fifteen national and international conference proceedings. The list of 
publications is presented in the next two subsections. 
1.2.1 Journal Articles 
[J1] Oliveira R, Bilro L and Nogueira R 2015 Bragg gratings in a few mode 
microstructured polymer optical fiber in less than 30 seconds Opt. Express 23 10181–7. 
[J2]  Oliveira R, Bilro L and Nogueira R 2015 Smooth end face termination of 
microstructured , graded-index , and step-index polymer optical fibers Appl. Opt. 54 5629–
33. 
[J3]  Nogueira R, Oliveira R, Bilro L and Heidarialamdarloo J 2015 New advances in 
polymer fiber Bragg gratings Opt. Laser Technol. 78 104–9. 
[J4]  Oliveira R, Bilro L, Marques T H R, Napierala M, Tenderenda T, Mergo P, 
Nasilowski T and Cordeiro, Cristiano M. B. Nogueira R 2015 Bragg Gratings Inscription 
in Highly Birefringent Microstructured POFs Photonics Technol. Lett. 28 621–4. 
[J5]  Oliveira R, Marques T H R, Bilro L, Nogueira R and Cordeiro C M B 2016 
Multiparameter POF Sensing based on Multimode Interference and Fiber Bragg Grating J. 
Light. Technol. 35 3-9. 
[J6]  Oliveira R, Osório J H, Aristilde S, Bilro L, Nogueira R N and Cordeiro C M B 
2016 Simultaneous measurement of strain , temperature and refractive index based on 
multimode interference , fiber tapering and fiber Bragg gratings Meas. Sci. Technol. 27 
075107. 
[J7]  Oliveira R, Aristilde S, Osório J H, Franco M A R, Bilro L, Nogueira R N and 
Cordeiro C M B 2016 Intensity liquid level sensor based on multimode interference and 
fiber Bragg grating Meas. Sci. Technol.27 125104. 
[J8]  Novais S, Nascimento M, Grande L, Domingues M F, Antunes P, Alberto N, 
Leitão C, Oliveira R, Koch S, Kim G T, Passerini S and Pinto J 2016 Internal and external 
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temperature monitoring of a Li - ion battery with fiber Bragg grating sensors Sensors 16 
1394. 
[J9]  Osório J H, Oliveira R, Aristilde S, Chesini G, Franco M A R, Nogueira N and 
Cordeiro C M B 2017 Bragg gratings in surface - core fibers : refractive index and 
directional curvature sensing Opt. Fiber Technol. 34 86–90. 
[J10] Almeida T, Oliveira R, André P, Rocha A, Facão M, and Nogueira R 2017 
Automated technique to inscribe reproducible long-period gratings using a CO2 laser 
splicer Opt. Lett. 42, 1994–7. 
1.2.2 National and International Conferences 
[C1]  Nogueira R, Bilro L, Marques C, Oliveira R and Heidarialamdarloo J 2013 Optical 
filtering in plastic optical fibers 15th International Conference on Transparent Optical 
Networks (ICTON 2013) (Cartagena, Spain: IEEE) p Th.B2.2 
[C2]  Nogueira R N, Bilro L, Marques C, Oliveira R and Heidarialamdarloo J 2013 
Bragg gratings in plastic optical fibre for communications and sensing applications 22nd 
International Conference on Plastic Optical Fibers (POF 2013) (Búzios, Brazil) p 25–31. 
[C3]  Oliveira R, Bilro L, Marques C A F and Nogueira R N 2013 Effects of strain on 
the sensitivity to temperature in a doped polymer optical fiber Bragg grating III 
Iberoamerican Optics Meeting and XI Latinamerican Meeting on Optics, Lasers and 
Applications (RIAO/OPTILAS 2013) (Porto, Portugal: SPIE). 
[C4]  Ferreira R, Bilro L, Marques C, Oliveira R and Nogueira R 2014 Refractive index 
and viscosity: dual sensing with plastic fibre gratings 23rd Optical Fiber Sensors 
Conference (OFS23) (Santander, Spain: SPIE) p 915793. 
[C5]  Oliveira R, Marques C A F, Bilro L and Nogueira R N 2014 Production and 
characterization of Bragg gratings in polymer optical fibers for sensors and optical 
communications 23rd International Conference on Optical Fibre Sensors (OFS23) 
(Santander, Spain: SPIE) p 915794. 
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[C6]  Nogueira R, Oliveira R, Bilro L and Heidarialamdarloo J 2015 Recent Advances in 
Fiber Bragg Gratings Written in Polymer Optical Fibers 17th International Conference on 
Transparent Optical Networks (ICTON 2015) (Budapest, Hungary) p Th.A6.5. 
[C7]  Oliveira R, Bilro L, Heidarialamdarloo J and Nogueira R 2015 Fabrication and 
characterization of polymer fiber Bragg gratings inscribed with KrF UV laser 24th 
International Conference on Plastic Optical Fibers (POF 2015) (Nuremberg, Germany) p 
371–5. 
[C8]  Oliveira R, Bilro L, Heidarialamdarloo J and Nogueira R 2015 Fast inscription of 
Bragg grating arrays in undoped PMMA mPOF 24th International Conference on Optical 
Fiber Sensors (OFS24) (Curitiba, Brazil: SPIE) p 96344X. 
[C9]  Oliveira R, Marques T H R, Bilro L, Cordeiro C M B and Nogueira R N 2016 
Strain, Temperature and humidity sensing with multimode interference in POF (POF 2016) 
25th International Conference on Plastic Optical Fibers (Birmingham, UK) ISBN 
9781854494085. 
[C10]  Osório J H, Oliveira R, Mosquera L, Franco M A R, Heidarialamdarloo J, Bilro L, 
Nogueira R N and Cordeiro C M B 2015 Surface-core fiber gratings 24th International 
Conference on Optical Fibre Sensors (OFS24) (Curitiba, Brazil: SPIE) p 96340V. 
[C11]  Almeida T, Oliveira R, Nogueira R N, Rocha A M and André P 2015 Long Period 
Gratings in Multicore Fibers 10th Conference on Telecommunications (Conftele 2015) 
(Aveiro, Portugal) p 190–2. 
[C12]  Heiadarialamdarloo J, Oliveira R, Nogueira R and Teixeira A 2015 Viability of the 
Graded Index Plastic Optical Fibers in Home Access Networks 10th Conference on 
Telecommunications (Conftele 2015) (Aveiro, Portugal) p 86–8. 
[C13]  Bacher C, Oliveira R, Nogueira R N, Valerio R and Ryser M 2016 Yellow light 
generation by frequency doubling of a master oscillator power amplifier system SPIE 
Photonics Europe - Laser Sources and Applications (Brussels, Belgium: SPIE) p 989303. 
[C14]  Almeida T, Shahpari A, Rocha A, Oliveira R, Guiomar F, Pinto A, Teixeira A, 
André P and Nogueira R 2016 Experimental Demonstration of Selective Core Coupling in 
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Multicore Fibers of a 200 Gb/s DP-16QAM Signal Optical Fiber Communication 
Conference (OFC 2016) (California, United States: OSA) p TU31.4. 
[C15]  Oliveira R, Osório J H, Aristilde S, Nogueira R N and Cordeiro C M B 2016 In-
series fiber Bragg gratings and multimode interferometers for sensing applications Latin 
America Optics and Photonics Conference (LAOP 2016) (Medellin, Colombia: OSA) p 
LW2C.2. 
1.3 Main Achievements 
From the work developed in this thesis, the eight most important milestones, together 
with the resultant publications can be seen in the list shown below: 
 Development of a new technique capable to produce high quality end face of 
microstructured, step-index and graded-index polymer optical fibers, [J2, J3]. 
 Inscription and characterization of Bragg gratings in polymer optical fibers with 
325 nm UV HeCd laser, [C1, C2, C6]. 
 Inscription of Bragg gratings in polymer optical fibers in a time record using 
248 nm UV KrF laser, [J1, J3, J4, C6, C7, C8]. 
 First time report of a high quality Bragg gratings in high birefringent polymer 
optical fibers, [J4]. 
 Stress-strain characterization of microstructured and step-index polymer optical 
fibers, [C2]. 
 Strain, temperature, humidity, pressure and refractive index characterizations, [J1, 
J3, J5, C1 - C9]. 
 Inscription and characterization of a Bragg grating in an unclad ZEONEX® core 
fiber, [J5]. 
 Measurement of strain, temperature, humidity and refractive index with a step-
index polymer optical fiber sandwiched between two silica fibers, [J5, C9]. 
The main focus of this dissertation was given to polymer optical fiber based technologies, 
however, collaborations with other PhD students as well as international collaborations led 
to the development of other fiber optic technologies which are essentially based on silica 
fiber optics. Those works may be found in [J6 – J10] and [C10 - C15]. 
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Chapter 2 
2. Polymer Optical Fibers 
2.1 Principle of Operation 
In fiber optics, light is generally guided through a dielectric medium by total internal 
reflection. The behaviour of light in such medium can be simply explained through the ray 
theory. Therefore, when light travels from one medium to another, the speed can decrease 
or increase depending on the density of the two media. The density of each medium 
determines its refractive index (n), which can be expressed as: 
 

c
n 
 
Equation 2.1.1 
where c and  are the velocity of the light in vacuum and in the medium, respectively. 
Moreover, the ray direction is also changed when the two media have different refractive 
index. In order to explain such phenomenon, consider two media with refractive index n1 
and n2, where n1 > n2 (see Figure 2.1.1). 
 
Figure 2.1.1 Refraction and reflection in materials with different refractive index (n1 > n2). 
Reflected 
Refracted 
n1 
1 
2 
n1 > n2 
n2 
1 
2 
1 2 
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When a light ray traveling in a medium n1, with a small angle  with respect to the 
normal, crosses the interface between the media, a small portion of the light will be 
reflected back to the first medium and the most part of the light will be refracted with an 
angle 2 for the second medium. On the other hand, when  increases, will increase in 
the same proportion. For a certain angle  = c, the ray crossing the interface will become 
90º. In this specific case, the refracted ray will travel parallel to the interface between the 
two media. This specific angle is defined as the critical angle, and above this angle, the ray 
will be reflected to the same medium, where  = 2. The relations between the refractive 
index of the two media and the angle of incidence and refraction are governed by the 
Snell‟s law given in Equation 2.1.2. 
    2211 sinsin  nn   Equation 2.1.2 
Using the Snell‟s law, one can find that, when 2 = 90º, the critical angle will be given 
as: 
 






1
2arcsin
n
n
c
 
Equation 2.1.3 
Thus, the total internal reflection will always occur when 90º >  > c. This is the case 
that is present in optical fibers (see Figure 2.2.1 (a)). In fact, an optical fiber is a cylindrical 
waveguide composed of two dielectric materials which can be made of silica, polymer or 
by the combination of both. In such waveguide, a cladding layer with refractive index ncl, 
surrounds the core waveguide with refractive index nco. Thus, in order to occur total 
internal reflection, nco needs to be higher that ncl, and the incidence angle needs to be 
higher than c, but lower than 90º [5], [66]. 
2.2 Types of Optical Fibers 
Nowadays, it is possible to find a variety of parameters to describe a specific optical 
fiber. However, some parameters may be more relevant than others depending on the 
application. Regarding that, it can be seen in Table 2.2.1 some of the most relevant 
parameters found in literature to define an optical fiber. 
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Table 2.2.1 Types of optical fibers depending on different parameters (adapted from[5]) 
Parameter Description Fiber example 
Index Profile 
Composed of a step index profile 
Composed of double step-index profile 
Composed of graded index profile 
Composed of multi-step index profile 
SI-POF 
DSI-POF 
GI-POF 
MSI-POF 
Numerical 
Aperture 
With high acceptance cone 
High Numerical Aperture 
(HNA) 
Number of 
modes 
Supports only one mode 
Supports between three to ten modes 
SMF-28e 
FM-mPOF 
Supports thousands of modes MM fiber (OM2 (50/125)) 
Dispersion 
Capable to shift the zero dispersion 
wavelength 
Dispersion shifted fiber 
(DSF) 
Capable to offer a flat dispersion 
Dispersion flattened 
fiber (DFF) 
Capable to compensate the dispersion Dispersion compensating 
fiber (DCF) 
Microstructure 
Photonic crystal fibers 
Microstructured Polymer Optical Fibers 
PCF 
mPOF 
Polarization 
behavior 
Capable to maintain the polarization state 
Polarization maintaining 
fiber (PMF) 
Material 
Variants of glass 
Silica (SiO2) 
Polymers 
ZBLAN fiber 
SMF-28e 
POF 
Number of 
cores 
Composed of a single core 
Composed of multiple cores 
SMF-28e 
Multicore fiber(MCF) 
Bending Losses Insensitive to curvature 
Bending insensitive fiber 
(BIF) 
Cladding 
material 
Composed of a hybrid structure such as SiO2 
core and polymer cladding 
Polymer clad silica fiber 
(PCS) 
Standard ITU-Standards G.652 B1.1 (SMF-28e) 
2.2.1 Refractive Index Profile 
One of the most interesting parameters shown in Table 2.2.1 is the profile presented by 
an optical fiber. This is particularly important when working with data transmission 
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systems, where the transmission capacity is severely reduced with the modal dispersion. To 
understand the phenomenon, consider the fiber shown in Figure 2.1.1 (a). 
 
Figure 2.2.1 Refractive index profiles of three different fibers, namely: (a) step index multimode fiber, 
(b) graded index multimode fiber and (c) step index single mode fiber. The refractive index profile, 
together with the pulse shape before and after propagating into the fiber is also shown.  
The fiber shown in Figure 2.1.1 (a) is defined as step index (SI), meaning that 
refractive index across the entire cross section of the core and cladding is constant. 
Additionally from the same figure, it can be observed that different rays are travelling in 
different paths with different lengths. Even considering those rays travelling with the same 
velocity and coincident at the input of the optical fiber, they will disperse at the output 
fiber due their different path lengths. Thus, the impulse signal will broaden on the 
transmission speed link, this becomes a serious problem since the pulses will overlap and 
interfere with each other, making it impossible to retrieve the signal at the receiver side [4]. 
To supress the problem, one can consider single mode fibers (SMF) (i.e. Figure 2.2.1 (c)), 
n
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a type of SI fiber that only supports single mode behaviour (a mode, in this sense, is a 
spatial distribution of optical energy in one or more dimensions that remains constant in 
time). In fact, this fiber has been the preferred choice for high speed transmission in long 
distance applications, such as core metropolitan networks. The choice is undoubtedly due 
to its higher performance when compared with MM fibers. However, this type of fiber has 
a typical core radius of about 4 m. This, in fact, is a disadvantage due the inherent 
precision needed to couple light into this type of fiber. Therefore, the low tolerances on the 
coupling process imposed by MM fibers, lead this type of fiber to be extensively studied in 
telecommunication applications up until the mid-1980s [4]. The progress on MM fibers, 
led to the development of a fiber with a special refractive index profile, capable to reduce 
the modal dispersion presented by the SI profile. This type of fiber was developed to have 
a graded index (GI) profile (see Figure 2.2.1 (b), where the core refractive index is 
dependent on the radial distance (r), decreasing its value from the core to the periphery, 
forming a parabolic distribution. The refractive index distribution can be expressed 
through [67]: 
 














arn
ar
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n
rn
co
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co
,2-1
≤,2-1
)(  Equation 2.2.1 
being a the core radius and g the profile exponent, where g = 2 can be found for fibers with 
GI profile and in the limit (g → ∞), for fibers with SI profile. Regarding the parameter , it 
is defined as the relative difference in refractive index, defined as: 
 2
22
co
clco
n
nn 
  Equation 2.2.2 
Regarding Figure 2.2.1 (b) and Equation 2.1.1, one can easily understand why the 
modal dispersion is reduced in fibers presenting a parabolic distribution. In fact, the rays 
traveling at the periphery of the core (higher order modes), have longer distances to travel, 
however, the refractive index in the periphery is lower than in the centre of the fiber, thus, 
its velocity is increased. Regarding the rays propagating along the fiber axis, their path is 
shorter, but the refractive index is higher in this region, meaning that those rays will 
propagate with lower velocities. The control of the refractive index profile can thus, reduce 
the modal dispersion in MM fibers [4]. 
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2.2.2 Refractive Index Contrast Between Core and Cladding 
The refractive index difference, between core and cladding, has a huge impact on the 
fiber optical properties. The most obvious influence is the maximum angle in which light 
can enter into an optical fiber, which is called angle of acceptance (max). This is expressed 
in terms of numerical aperture (NA), which can be calculated through the following 
relations: 
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Equation 2.2.3 
being next the refractive index of the external medium and 1 and 2 the angles defined in 
Figure 2.2.1 (a). One advantage obtained when working with POFs is the high contrast that 
can be obtained between the core and cladding. This is because polymers are available in a 
wide range of refractive indices, which vary from 1.32 for highly fluorinated acrylic based 
materials to around 1.6 for some cast phenolic resins [68]. In such way, POFs have been 
reported with high numerical apertures, ranging from 0.2 up to 0.7 [8]. Indeed, this is the 
most important characteristic presented by POFs when compared with their silica 
counterparts, since the light coupling can be easily achieved. Nevertheless, as it is easy to 
produce POFs with large NA, it is also difficult to create fibers with SM behaviour. In fact, 
the number of modes found in an optical fiber is related with the normalized 
frequency (VSIF), which for SI fibers is given by: 
 NA
a
VSIF

2

 
Equation 2.2.4 
where  defines the free space wavelength. In order to occur SM behaviour, VSIF needs to 
be lower than 2.405 [69], [70]. Considering the fiber shown in Figure 2.2.1 (c), with 
a = 4.2 µm and with silica refractive index of nco = 1.4516 and ncl = 1.4473 at  = 1.3 µm, 
one can estimate the wavelength at which the fiber will no longer be SM. This is the so 
called cutoff wavelength (c), and for the parameters defined before, the fiber will only 
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support one mode when c > 1.23 µm. In other words, for the occurrence of SM behaviour 
in a specific wavelength range, the core radius or refractive index contrast need to be 
balanced. Regarding that, a larger core implies low refractive index contrast and vice versa. 
One possible way to achieve low refractive index contrast is through doping, however, the 
dopant diffusion needs to be carefully controlled in order to have a stable refractive index. 
On the other hand, fibers with larger refractive index may be developed through the use of 
two different materials, by doing that, the core radius needs to be smaller, leading to 
increase the scattering losses at the core–cladding interface [6]. This takes much more 
relevance when working at lower wavelengths, since it implies smaller cores. One 
particular case may be found in POFs, as their transparent window is localized at the 
visible region. For that reason, POFs with SI profile have only been reported to be SM at 
the near-infrared region [14], [45], [71]–[73]. 
The first step index SM-POF was demonstrated by Kuzyk and co-workers in the early 
1990s. The  fiber was composed of 8 m core and 125 m cladding, operating at 
1300 nm [14]. The commercialization of fibers of this type was initialized by Paradigm 
Optics, Inc.. Those fibers were composed of a PMMA cladding and cores copolymerised 
with PMMA and PS (<3%). The fibers were sold with trade names of SM-MORPOF02 
and SM-MORPOF03 with c around 1100 nm and 750 nm, respectively. Recently other 
SI-POFs based on other polymer materials have been reported to offer SM behaviour with 
low loss at the near-infrared region. One of those works may be found in [74], for a fiber 
composed of a perfluorinated graded index core and PMMA overcladding. The other work 
is found in [75], where the fiber is composed of TOPAS
®
 grade 5013S-04 core and 
ZEONEX
®
 480R cladding. Alternatively, a fiber made of PMMA with a core composed of 
an array of tight and thin ZEONEX
®
 480R capillarity‟s was demonstrated to offer SM 
behaviour at the visible region [76]. Although, the manufacturing process seems to be 
challenging and probably for that reason no other work was been reported after that. 
When MM behaviour is observed, the number of modes (N) propagating in an optical 
fiber is according to the electromagnetic theory, given by the following expression [5]: 
 
2
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Equation 2.2.5 
where for a SI fiber, N becomes: 
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Equation 2.2.6 
As an example, a PMMA fiber operating at 650 nm, with a = 0.5 mm and NA =0.5 will 
exhibit 2.9 million modes [5]. 
2.2.3 Microstructured Fibers 
The fibers presented until now were composed of core and cladding, where the 
guiding mechanisms are normally based on total internal reflection. However, there exists 
another type of optical fiber, where the light guidance is controlled by tiny holes arranged 
in a special configuration in the cross section area of an optical fiber (see the example 
shown in Figure 2.2.2). The use of these tiny holes out of the central area allows to have a 
depressed index compared with the solid inner part of the fiber. Thus, the condition for 
total internal reflection, or equivalently mode confinement is satisfied [6]. This approach 
was firstly explored in 1973 by Marcatili et al., to avoid chemical doping in fibers [77], 
[78], however, the interesting reality was not understood on those years. After two 
decades, thanks to Philip Russell and his colleagues, it was possible to present the 
microstructured silica fiber [18], [19]. This type of fiber, conventionally known as “holey” 
fiber or photonic crystal fiber (PCF), has found many applications in different areas. In 
fact, the hole to hole distance (d), together with the hole dimension (d), can be designed 
to offer special characteristics, such as the ability to remain single mode at all wavelengths 
for which fused silica is transparent, also known as endlessly single mode operation [19]. 
Additionally, the mode field can be concentrated in a small area, allowing to have high 
intensity inside the fiber, permitting to have highly nonlinear effects for supercontinuum 
generation [79]. Furthermore, if asymmetric structures are used, the fibers can offer high 
birefringence, maintaining the polarization state of the light traveling into the fiber [20]. 
Another advantage of microstructured fibers is the possibility to adjust the dispersion 
behaviour by controlling the air filing fraction (d/d) [21]. The potential of these fibers is 
still on-going [80], and a prosperous future is thus expected. 
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Figure 2.2.2 Microstructured optical fiber. 
Microstructured fibers have been made of silica, where the preform is essentially 
processed through the stack-and-draw-technology. Contrary to silica, polymers have low 
processing temperatures, and they have the possibility to be extruded, casted or easily 
drilled. This features associated with the special physical characteristics offered by 
polymers, (as we will see later), led in 2001, to the development of the first mPOF [17]. In 
fact, any kind of hole-pattern, can be employed in a microstructured fiber, enabling, the 
development of specific type of fibers for each application [81]. Until now, since the 
development of the first mPOF, many works have reported the use of different hole 
arrangements, thus, fibers with different characteristics, such as graded index, high 
birefringence, dual core, suspended core and hollow core, have been reported [82]. On the 
other hand, as it occurs with SI-POFs and GI-POFs, mPOFs can also be doped [83]. 
Additionally, the capability of using different materials possible, allowing to explore 
different characteristics presented by polymer materials, such as the ability to be humidity 
sensitive [48] or insensitive [75], or the capability to resist at high temperatures (above 
100ºC) [75], [84]. 
As described in the previous section, the SM behaviour in SI-POFs has only been 
reported at the infrared window. This happened, due the compromise between the core 
radius and refractive index contrast, that need to be balanced in order to have a normalized 
frequency lower than 2.405, making it particularly difficult when the operating wavelength 
is shorter. Contrary to SI-POFs, in mPOFs, the hole dimensions and arrangement is easier 
to manipulate, and the capability to have SM behaviour at the visible region is easier to 
achieve [17], [85]. 
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Regarding the cutoff in microstructured fibers, Mortensen [86] has suggested a phase 
diagram for the single-mode-multimode operation regime for a PCF with a triangular air-
hole lattice cladding
*
, (see Figure 2.2.3), where the details of such boundary were later 
analysed with his colleagues [87]. The best fit equation describing such boundary 
transition is described as [87]: 
 



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




 ddd
dd **
-≈
 
Equation 2.2.7 
where * is the second order cutoff, d the distance between two adjacent holes, 
12.0±80.2=α  and 02.0±89.0=γ  the fitting coefficients and 406.0=Λ/* dd  the air 
filling fraction [87], [88].  
 
Figure 2.2.3 Phase diagram for the single-mode-multimode operation, described in Equation 2.2.7. 
For dd < d
*
/d, the microstructured fiber has the remarkable property of being so-
called endlessly single mode [19]. For d/d > d
*d it supports a second-order mode at 
wavelengths d < 
*
/d, and it is single mode for d > 
*
/d [88] 
The normalized frequency in microstructured fibers (VPCF) is due to the length scale of 
the problem, related to d, contrary to the core radius as described for SI fibers (i.e. 
Equation 2.2.4). VPCF is then defined as [19], [88]: 
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Equation 2.2.8 
                                                          
*
 This approach applies also to microstructured fibers in general [86]. 
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where nco and ncl are the effective refractive index of the core mode and the first mode 
propagating into the microstructure, respectively (see the example shown in Figure 2.2.4). 
 
Figure 2.2.4 Two dimensional full vector finite element model simulation showing the modes 
propagating in a PMMA based SM-mPOF at 1550 nm region, with six hole layers, d = 1.4 µm and 
Λd = 2.9 µm. (a) Fundamental mode (core region); (b) first mode propagating in the air-hole lattice 
region.
* 
Nevertheless, Mortensen et al. has shown that microstructured fibers only support SM 
behaviour when VPCF(
*
) < , contrary to the value found for the normalized frequency in 
SI fibers [88]. 
2.3 Quality Requirements for Optical Plastics 
Nowadays, our society is seeking for new optical devices and components that need to 
meet various requirements. The careful choice of an optical material is crucial to fulfil the 
necessities of a specific application. Transparency is obviously the most wanted 
characteristic, however, other characteristics such as mechanical, thermal and chemical 
properties need also to be taken into account. Glass materials have been conventionally 
used in most of the photonic technology up to now, however, the paradigm is changing. 
Polymer materials are being pointed as a viable alternative to silica based applications. One 
example of that can be found in the optical fiber domain. In fact, POFs are being pointed as 
a viable solution for several applications, such as: in the automobile, imaging, lightning 
and sensing. Additionally, it is expected a market explosion based on the widespread 
deployment of FTTH applications. What makes this fiber appealing for new emerging 
technologies is obvious related with the properties of the polymers that compose such 
fibers. Many of the properties of some of those polymers, such as: PMMA, 
                                                          
*
 Parameters taken from the fiber purchased from Kiriama Pty., Ltd., with trade name SM-125 
(b) (a) 
neff =1.463088 neff =1.446314 - 7.170745e-9i 
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polycarbonate (PC); cycloolefin polymers (COP), e.g. ZEONEX
®
 480R, cycloolefin 
copolymers (COC), e.g. TOPAS
®
 5013L-10; PS; and perfluorinated polymer (PF), e.g. 
CYTOP
®
, may be seen in Table 2.3.1. Nevertheless, a more detailed analysis will be given 
in the next subsections. 
Table 2.3.1 Properties of different optical polymers 
Property  Polymer; Brand name, Supplier 
Symbol 
& 
Unit 
PMMA: 
ACRYPET™ 
VH 
(Mitsubishi 
Rayon Co., 
Ltd.) 
PC: 
PANLITE
®
 
AD5503 
(Teijin 
Chemicals) 
COP: 
ZEONEX
®
 
480R 
(Zeon) 
COC: 
TOPAS
®
 
5013L-10 
(Topas 
Advanced 
Polymer 
GmbH) 
PS: 
Styron™ 
666D 
(Americas 
Styrenics) 
PF: 
CYTOP
®
 
(AGC 
Chemicals) 
Density  (g/cm3) 1.19 [89] 1.20 [90] 1.01 [91]  1.02 [92] 1.04 [93] 2.03 [94] 
Refractive 
index@ 
589 nm 
25
Dn  1.49 [89] 1.59 [90] 1.53 [91] 1.53[92] 1.59 [93] 1.34 [94] 
Abbe number VD 57 [95]
 
30 [96] 56 [91] 56 [92] 31 [95] 90 [94] 
Water 
absorption  
CME (%) 0.3 [89] 0.2 [90]  <0.01[91] <0.01[92] 0.2 [95] <0.01[94] 
Young‟s 
modulus 
E (GPa) 3.3 [89] 2.5 [90] 2.2 [91] 3.2 [92] 2.9 [93] 1.5 [94] 
Yield strength y (MPa) 77 [89] 63 [90] 59 [91] 46 [92] 45 [93] 40 [94] 
Yield strain y (%) 2.3
*
 2.5
*
 2.7
*
 1.4
*
 1.6
*
 2.7
*
 
Differential 
stress-optic 
coefficient 
C (x 10-
12
/Pa) 
-6.0 [96] 72.0 [96] 6.5 [96] 
-2 to -
7 [92] 
-55.0 [96] 6.5 [94] 
Poisson‟s 
ratio 
ν 0.35-0.4 [97] 0.37 [97] 0.40 [91] 0.37 [92] 0.35 [97] 0.42 [94] 
Glass 
transition 
temperature 
Tg (ºC) 107 [89] 143 [90] 138 [91] 134 [92] 99 [93] 108 [94] 
Thermo-optic 
coefficient 

(x 10
-
5
/ºC) 
-8.5 [96] -14.3 [96] -12.6 [96] -10.4 [96] -12.0 [96] -5.0 [98] 
Thermal 
expansion 
coefficient 
α 
(x10
-5
/ºC) 
6 [89] 7 [90] 7 [91] 6 [92] 9 [93] 12 [94]
 
                                                          
*
 Calculated from the stress - strain relation, using y and E. 
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2.3.1 Optical Properties 
2.3.1.1 Transparency 
The most required property needed for optical plastics is high transparency at specific 
wavelengths, for which the optical device will operate. Transparency is intrinsically related 
with the molecular structure. When a polymer material is exposed to light, various 
interatomic/intermolecular interactions will occur, causing optical absorption in the UV 
region, due to the electronic transitions, and optical absorption in the infrared region due to 
vibrational transitions [96]. 
The random disposition of the molecular chains is also an important requirement for 
transparency. On the other hand, a material presenting crystalline structures will scatter 
light at the boundary between the amorphous and crystalline phases, causing haziness, and 
thus, low transparency. 
Transparency is also related with refractive index, since reflectance (R), depends on 
the refractive index as follows [96]: 
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Equation 2.3.1 
According to Equation 2.3.1, a material with lower refractive index will present lower 
reflectance and thus higher transparency. 
Finally, the transparency can also be due to extrinsic factors such as contaminations or 
imperfections, which may absorb or scatter the light causing lower transparency. 
2.3.1.2 Refractive Index 
Refractive index as defined previously in Equation 2.1.1, is a dimensionless number 
that describes how light propagates in a medium. It varies depending on the molecular 
polarizability and density, as defined by the Lorentz-Lorentz equation [96]: 
 
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2
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  
Equation 2.3.2 
where Nm is the number of molecules per unit volume and  the mean polarizability. 
The refractive index of a material is dependent on the wavelength of light and this 
refractive index dependence is defined as dispersion. One way to quantify the amount of 
dispersion in a material is through the Abbe number (VD), described in Equation 2.3.3: 
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Equation 2.3.3 
where nD, nF and nC are the refractive indices of the material at the wavelengths of the 
Fraunhofer D-, F- and C-lines (589.3 nm, 486.1 nm and 656.3 nm respectively). Therefore, 
a lower VD value corresponds to greater dispersion in the visible spectrum. For comparison, 
polycarbonate is a polymer material with low Abbe number, contrary to PF that has the 
higher value among the optical plastics (see Table 2.3.1). 
For a more accurate description of the refractive index - wavelength dependence, the 
Sellmeier empirical formula can be used: 
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Equation 2.3.4 
where B1,2,3 and C1,2,3 are the Sellmeier coefficients that are frequently quoted instead of 
refractive index in tables. 
From the above assumptions and in order to clarify the optical properties of different 
amorphous polymer materials, that have been used for the production of POFs, 
(specifically PMMA, PC and ZEONEX
®
 [96]; TOPAS
®
 [92]; PS [99]; and CYTOP
®
 [94]), 
which can also be found in Table 2.3.1, it was plotted in Figure 2.3.1 (marker points), their 
refractive indices The data points were then adjusted to the Sellmeier equation (i.e. 
Equation 2.3.4), in order to verify the evolution of the refractive index over the visible and 
near infrared region. 
From Figure 2.3.1, it can be observed that materials on the top of the graph have high 
refractive index, which according to Equation 2.3.1, poses lower transparency. On the 
other hand, it can also be observed that those materials have also strong dependency with 
wavelength and thus, present higher material dispersion. One obvious conclusion from this 
discussion is that CYTOP
®
 has superior optical characteristics among the presented 
polymers. 
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Figure 2.3.1 Refractive index evolution of various materials. The marker points define the 
experimental values found in literature for PMMA, PC and ZEONEX
®
 [96], TOPAS
®
 [92], PS [99] 
and CYTOP
®
 [94]) The correspondent lines are referred to the fit following the Sellmeier equation. 
2.3.1.3 Birefringence 
Birefringence also referred as double refraction of light, occurs when a beam of non-
polarized light passes through an optical material and splits into two polarization 
components (see Figure 2.3.2). These two components travel at different velocities through 
the material and emerging out of phase, being the later defined as retardance. 
 
Figure 2.3.2 Light traveling through a birefringent medium will take one of two paths depending on its 
polarization. 
The numerical difference between the index of refraction of the components within the 
optical material is called the birefringence number. Birefringence arises from the material 
anisotropy, which refers to a non-uniform spatial distribution of the material properties. 
Therefore, birefringence can be an intrinsic property of the optical material (i.e. 
absorbance, refractive index, density, etc.), or can be induced for instance by the 
application of external forces to the material. Regarding the induced birefringence, it can 
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be found two different types: temporary birefringence (i.e. when the material is oscillated 
or stretched and released); and residual birefringence (i.e. stresses “frozen” in the material 
after the production process, or by the employment of stress applying elements in the 
optical material). 
In optical fibers, different values of birefringence can be found depending on the 
material employed. Additionally to that, special fibers capable to show high birefringence 
can also be developed through different techniques. One example of that is the elliptical 
core fiber, where the fiber is composed of an elliptical core, in which the shape asymmetry 
creates both geometrical anisotropy and asymmetrical stress across the core. On the other 
hand, the employment of stress applying parts made out of materials with different thermal 
expansion coefficients at opposite sides of the core in the cladding region of the fiber can 
also be used. Typical fibers using this design structure are referred in literature as elliptical 
cladding fibers, bow-tie fibers and panda fibers. Furthermore, for the case of PCF, the 
symmetry of the hexagonal structure in the microstructured cladding needs to be broken. 
Here, a great advantage may be found for POFs, related to silica fibers, since they have 
more flexible technologies for the creation of the structure. 
2.3.2 Mechanical Properties 
Nowadays, the scientific community is very active and interested on the use of POFs 
in sensing applications. This has been essentially motivated by the better mechanical 
properties that POFs may offer when compared with their silica counterparts. Among those 
mechanical properties it is found the Young‟s modulus (E), which for silica can reach 
values as high as 70 GPa [100], where for polymers it can range from 1.6 to 3.4 GPa [15], 
[73], [101]. Such low values allows the use of POFs to measure strain in materials that 
have itself a small Young‟s modulus, providing a better strain transfer from the material to 
the POF, a condition that cannot be satisfied with silica fibers which can act to locally 
stiffen the material [54]. Nevertheless, the lower POFs Young‟s modulus can be used to 
get better sensitivities than silica fibers in pressure sensing [102]. Conversely, regarding 
the elastic limit, POFs can recover strains up to 4.7 %, depending on the strain rate [15], a 
value that is much higher than the one found in uncoated silica fibers that is approximately 
equal to 0.6 % [100]. Additionally, POFs can survive in elongations that can be up to 
100 % [103], a feature that is much superior than the one found for uncoated (0.6 %) or 
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coated (1.6 %) silica fibers [100]. With such properties, the capability to integrate POFs in 
large deformation applications such as the ones found in distributed strain measurements or 
in structural health applications is feasible [104]. Nevertheless, it should be pointed that 
above the elastic limit the fiber will deform permanently and thus, the light transmission 
can be severely affected [105]. Applications in such conditions should employ higher 
powers at the emitter side and/or higher sensitivities at the receiver side. 
2.3.3 Thermal Properties 
Polymer optical fibers have several advantages over silica fibers, however, they 
present a drawback related with their operational temperature, which for the most used 
POF based material (PMMA), can reach in the best case 90 ºC [47], (only if the fiber is 
annealed after the drawing process). This value is however well below than the one 
reported for silica fibers that is around 500 ºC. Nevertheless, other polymers with high 
operational temperature can be used. For comparison purposes it is given in Figure 2.3.3, 
the glass transition temperature of different polymers. 
 
Figure 2.3.3 Glass transition temperature of several polymer materials. Data collected from Table 2.3.1 
and reference [106]). 
One example of the polymers found in Figure 2.3.3, that can operate in high 
temperatures than the ones achieved by PMMA is polycarbonate. This polymer has proven 
to have an operational temperature up to 125ºC  [107]–[109], and for that reason it has 
been pointed as a candidate for high temperature sensing solutions [108] and for 
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automobile applications [107]. Nevertheless, other polymers such as some TOPAS
®
 
grades [84], [106] or ZEONEX
®
 [75] can also be employed in temperatures above the ones 
achieved by PMMA. 
When designing a POF sensor, it is important to know that fibers drawn under low 
temperature, will present a high degree of birefringence, low ductility, high yield strength 
and tensile strength, and low thermal and strain stability [47], [101], [110]. This occurs due 
the high degree of chain alignment along the fiber length. In fact, when drawing a POF 
with lower temperature, it will require a higher drawing force, leading therefore, to the 
formation of a high degree of chain alignment, which is directly related to the parameters 
above mentioned. Fortunately, if a thermal treatment is given to the fiber drawn under such 
conditions, it can be possible to revert the process and achieve characteristics that are 
found in fibers drawn under high temperatures/low drawing forces. The thermal treatment 
also designated by annealing consists in heating the fiber for a period of time that will 
depend on the degree of chain alignment present in the polymer. In most of the works 
reported to date, this can be up to 24 hours [108]. Regarding the temperature, it should be 
higher, but below the glass transition temperature of the polymer employed in the fiber. By 
employing a proper thermal annealing, the fibers can show lower birefringence, high 
ductility, high thermal and strain stability, at a cost of fiber length decrease, diameter 
increase and lower yield strength and tensile strength [101], [110] 
2.3.4 Chemical Properties 
The chemistry and structure of a polymer material has influence on its chemical 
resistance. A material with low chemical resistance can be affected in its strength, 
flexibility, surface appearance, colour and dimension/weight. The chemical attack may 
occur on the polymer chain causing a reduction on the physical properties of the polymer. 
The absorption of the solvent may induce softening and swelling of the polymer material. 
Additionally, stress cracking may occur as a result of the above phenomena. 
POFs have been proposed in sensing applications due their great advantages when 
compared with their silica counterparts. For that reason, they have been studied for the use 
in liquids like the ones found in automobile industry, such as petrol, oil and battery 
liquid [107]. 
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It is know that the reduction of the diameter of a POF through chemical attack is an 
easy method that can enhance different properties, such as the Brillouin signal [111], the 
time response in POFBG humidity sensors [112] and the sensitivity in strain, temperature 
and pressure sensors [102], [113]–[115]. 
Regarding the above discussion, it is important to know which polymer is most suited 
for a specific application. For that reason it is presented in Table 2.3.2, some of the most 
known transparent polymers (PMMA, PC, ZEONEX
®
, TOPAS
®
, CYTOP
®
 and Polyvinyl 
Chloride (PVC)), and their chemical resistance in terms of being “usable”; “usable with 
care” or “not usable”. 
Table 2.3.2 Chemical resistance of different polymer materials, (data collected from [91], [94], [106]). 
  PMMA PC 
ZEONEX
®
 
480R 
TOPAS
®
 PS CYTOP
®
 PVC 
Acid 
Hydrochloric acid o o o o o o o 
Sulfuric acid o o x o o o o 
Nitric acid o o x o o o o 
Ketones 
Ketones x x o Δ* x o x 
Methyl ethyl 
ketone x x o Δ* x o x 
Hydrocarbon Gasoline Δ Δ x x x o Δ 
Alcohols Isopropyl alcohol Δ Δ o o Δ o o 
Oils o o~Δ x x x o Δ 
Alkalis o x o o o o Δ 
o: usable        Δ: usable with care         x: Not usable     (*) Grade 8007 is not usable 
As can be seen from Table 2.3.2, CYTOP
®
, presents a much wider resistance to 
corrosion than any other polymer shown in the table. 
2.3.4.1 Moisture Absorption 
Most of the polymers present the ability to absorb water from the environment (see 
Figure 2.3.4). The water uptake can lead to different changes in the polymer properties, 
such as volumetric changes and also changes in its refractive index [116]. The capability to 
monitor those properties can be useful for the development of applications such as food 
storage, paper manufacturing, pharmaceutical industries, among others, where humidity 
needs to be controlled to ensure the quality of the product. 
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Despite the capability to measure the environment humidity, the water absorption by a 
polymer material is an undesired effect. Water sorption leads to the appearance of 
attenuation bands due the O-H molecular vibration overtones, compromising therefore, the 
transparency of the polymer in the useful low loss windows. In fact, at 90 % relative 
humidity (RH) and temperature of 50 ºC, the water content in the most used polymer 
(PMMA), rises its attenuation in the interesting low loss regions, such as the 670 nm and 
766 nm, being the later the most pronounced one, where an increase of 250 dB/km may be 
expected [117]. For deuterated polymers (i.e. perdeuterated PMMA (PMMA-d8)), 
increment losses of 800 dB/km and 600 dB/km were observed at 840 nm and 746 nm, 
respectively, [117]. Due the poor stability transmission property, this, polymer material 
should be avoided for near infrared transmission applications. Based on the above 
discussion, polymers offering low water absorption such as CYTOP
®
, COCs or COPs are 
desirable for transmission applications. An example of the absorption capabilities of 
different polymers (PMMA, PC, COP, COC, CYTOP, PS, Polyphenylene sulfide (PPS), 
and Polyethylene terephthalate (PVC)) may be seen in see Figure 2.3.4. 
 
Figure 2.3.4 Water uptake per day at 23ºC, for different polymer materials; (data collected from Table 
2.3.1 and reference [91]). 
 
2.4 Polymer Optical Fiber Materials 
During the POF history, a variety of polymer materials have been proposed for the 
production of polymer optical fibers. The reason why, is related with their special 
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properties, that allows their use in a variety of applications. If compared with silica based 
optical fibers, POFs reveal higher losses, limiting their use for short range applications. 
However, polymers have a considerably lower Young‟s modulus, superior elastic limit, 
negative and much higher thermos-optic coefficient, biocompatibility, flexibility, non-
brittle nature, among other features [118] (see Table 2.4.1) 
Table 2.4.1 Comparison between silica and polymer based materials, [6]. 
Property 
Material 
Silica Polymer 
Density (g/cm
3
) ~ 1
*
 > 2 
Young‟s modulus (GPa) 68 : 74 ~ 2 : 3 
Failure strain (%) < 1
†
 > 6 
Glass transition temperature (ºC) ~2000 100 - 150 
Thermo-optic coefficient (x 10
-5
/ºC) ~1 -5 : -15 
Biocompatibility No
‡
 Yes 
Brittle Yes No 
Flexibility No Yes 
Another important feature presented in polymer optical fibers is the possibility of doping 
with organic materials including fluorescent or photosensitive materials such as 
Rhodamine dyes) [83], [119], [120]. In fact, organic materials can be added during the 
polymerization stage (prior to the heat and draw technique), or can be diffused into the 
polymer matrix through solution doping [83]. Moreover, organic materials cannot be 
incorporated in silica based fibers, since their glass transition temperature (~2000 ºC) is 
much higher than the temperature for which all organic materials decompose 
(~400 ºC) [6]. 
The advantages of POFs over silica fibers, have been explored in a variety of fields 
such as in short range transmission systems [121], sensing applications (i.e. 
biosensing [122], civil engineering [123], medical [124], etc.), and lightning [8]. 
                                                          
*
 Except for fluorinated polymers where values higher than 2 g/cm3 are expected. 
†
 Considering the raw fiber (without the protective coating material). 
‡
 The choice to consider the material as non-biocompatible was based on its brittle nature. 
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Nevertheless, even among the polymer materials there are different features that may 
benefit some application in particular. For instance, the heat and chemical resistance or the 
water absorption, are different from polymer to polymer. Those characteristics are thus, a 
vice or a virtue depending on the application. 
2.4.1 Polymethylmethacrylate (PMMA) 
Among the different polymer materials, the most popular and widely used in polymer 
optical fibers is the PMMA, commercially known as Plexiglas
®
. This polymer material is 
made through the polymerization of the monomer methyl methacrylate (MMA). PMMA is 
an organic compound forming long chains with typical molecule weights of around 10
5
 [5]. 
It presents a density of 1.19 g/cm
3
, tensile strength of 77 MPa, glass transition temperature 
of 107 ºC and a refractive index of 1.49 at 589 nm [89], (see table Table 2.3.1 for more 
characteristics). PMMA is resistant to water, lyes, diluted acids, petrol, mineral oil and 
turpentine oil [5]. This polymer has an amorphous structure, presenting high transparency 
at the visible region. Additionally, PMMA has the capability to absorb water from the 
external environment (0.3 %/day [89]). This can be used to develop humidity sensitive 
sensors. However, this parameter is unwanted in several applications, such as data 
transmission, due the losses caused by the OH overtones [117]. 
The chemical structure of PMMA can be visualized in Figure 2.4.1. From that, it can 
be observed that each monomer is composed of eight aliphatic C-H bonds, being the 
overtones of the C-H vibration the main reason for the losses presented by this 
polymer [125]. 
 
Figure 2.4.1Chemical structure of PMMA. 
In 1963, DuPont manufactured the first PMMA based POF (Crofon
TM
) [5]–[7]. The 
fiber was based on a SI profile with a MM core, being the attenuation around 1000 dB/km 
at 650 nm. Since then, the attenuation has been improved, and nowadays PMMA based 
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POFs with losses around 120 dB/km at 650 nm and less than 70 dB/km at 570 nm are now 
commercially available [126]. 
Due the high qualities presented by this polymer material, such as high transparency, 
relatively low cost, ease of processing and its inherent resistance, it is nowadays the 
preferred choice for almost any fiber sensor. 
2.4.2 Polycarbonate (PC) 
Polycarbonate is another commonly used optical material. It is made from the 
polymerization of bisphenol-A with carbonyl chloride or diphenylether [96]. The PC 
chemical structure can be seen in Figure 2.4.2. 
 
Figure 2.4.2 Chemical structure of polycarbonate. 
The first report of the use of polycarbonate in an optical fiber was in 1986 by 
Fujitsu [9], where the core and cladding materials were made of polycarbonate and 
polyolefin polymers, respectively. The minimum attenuation of such fiber lay at 656 nm 
and 764 nm with theoretical intrinsic losses of 166 dB/km and 224 dB/km, 
respectively [127]. However, the experimental attenuation values achieved for POFs based 
on this material are two times higher than the theoretically predicted. Compared with 
PMMA, PC has attenuation four times higher and for that reason it is being used only in 
applications where high attenuation can be tolerated. Despite the high loss, PC presents 
high glass transition temperature (143 ºC, [90]). Thereby, it allows their use in high 
temperature environments, such as the ones found in the automobile industry, specifically 
in the engine area, where temperatures can go over 100 ºC [5]. However, it tends to 
degrade at high-temperature and humidity environments [5]. PC has a refractive index of 
1.59 at 589 nm [90], which is considerably high when compared with other polymer based 
materials, being this another motivation for its use. Conversely, PC has high moisture 
absorption and high birefringence (unless special processing equipment and conditions are 
used) [95]. Finally, PC yields and breaks at elevated values of strain, being also flexible in 
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bending. For other properties not mentioned here, please refer to Table 2.3.1 and Table 
2.3.2. 
2.4.3 Cycloolefin Copolymer (COC) and Cycloolefin Polymer (COP) 
Among the polyolefins, Polypropylene (PP) and Polyethylene (PE) are the most 
popular. However, their transparency is quite low, resulting from the light scattering on the 
interface between the crystalline and amorphous parts in the polymer matrix [128]. 
Besides that, cycloolefin copolymers (COCs) and cycloolefin polymers (COPs) are a 
new class of thermoplastics, which are essentially amorphous, having excellent optical 
properties as a result of the presence of cyclic structures in their polymer chain. 
In the overall COCs and COPs have good heat resistance, low moisture absorption, 
low birefringence, good chemical resistance to common solvents such as acetone (see 
Table 2.3.2), large Abbe number, high durability under high temperature, good 
moldability and a transparency similar to that of PMMA [91], [92], [129]. They have a 
refractive index close to 1.53 at 589 nm [91], [92], which is higher than that of PMMA, 
allowing their use as core material in optical fibers [76]. For general properties, Table 
2.3.1and Table 2.3.2 can be addressed. 
COCs were patented in 1997 to be used in optical waveguides [130] due to its low 
melt viscosity, high tensile strength and low attenuation [131]. COCs can be processed 
through copolymerization of cycloolefin, such as norbornene or cyclopentene, with 
ethylene or alpha-olefin, using a metallocene catalyst [95], [129], (see Figure 2.4.3). 
COCs are being commercialized with names: APEL
TM
 by Mitsui Chemicals Co., Ltd 
and TOPAS
®
 by Topas Advanced Polymer GmbH (formerly Ticona and Hoechst) [96]. 
The glass transition temperature of COCs can be enhanced by increasing the 
cycloolefin content in the polymer chains [95]. An example of such material is TOPAS
®
 
grade 6017, that presents a glass transition temperature of 178 ºC [92], clearly 
outstanding when compared with other polymer materials (see Figure 2.3.3). 
In recent years, several authors have reported the use of different grades of 
TOPAS
®
 to produce microstructured [11], [49], [84], [132] and SI [75], [133] fibers, 
with intended uses in the near-infrared [11], [49], [75], [84], [133] and terahertz 
applications [132]. Those works were intended to explore the special characteristics 
offered by COC materials, such as the biocompatibility [11], low moisture 
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absorption [49], [75], [133], high temperature resistance [75], [84] and high 
transparency [132]. 
 
Figure 2.4.3 Typical polymerization routes for the production of COCs and COPs. 
COPs are amorphous polyolefins with a cyclic structure in the main chain. The 
polymerization is done through Ring Opening Metathesis Polymerization (ROMP) of 
norbornene derivatives followed by hydrogenation of double bonds (see Figure 2.4.3), 
providing more stability in terms of heat and weather resistance [128], [129]. The 
commercialization of COPs was initialized in 1991 by Zeon Corporation [128]. Nowadays, 
it is sold under the trade names of ZEONEX
®
 and ZEONOR
®
 by Zeon, and ARTON
®
 by 
Japan Synthetic Rubber (JSR) [96]. 
ZEONEX
®
 has been used in microstructured [134], SI [75], [133] (as cladding 
material) and multicore composite single mode fibers [76]. The material choice for 
those POFs, relies on the material compatibility with COCs [75], [133], humidity 
insensitiveness [75], [133] high temperature resistance [75] and high transparency [134]. 
2.4.4 Polystyrene (PS) 
Polystyrene is a widespread and costless material used in the production of 
POFs [135]. It has a refractive index of 1.59 at 589 nm [93], being this a motivation for its 
use as the core of optical fibers, since most of the polymers can be used as cladding 
material. PS can be obtained by thermal polymerization without any initiator as is needed 
in PMMA, which sometimes produces bubbles during the polymerization reaction [136]. 
PS has a glass transition temperature of 99ºC [93], which is one of the lowest values 
among the thermoplastics, being the maximum operation temperature estimated as 70 ºC. 
y 
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R1 R2 
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COCs H2C=CH2 
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The chemical resistance and mechanical properties (see Table 2.3.1 and Table 2.3.2 ) are 
inferior to those of PMMA [136]. 
The first step-index based POF based on PS, was reported in 1972 by Toray Co., Ltd., 
presenting an attenuation of 1100 dB/km at 670 nm [8], [9]. Later on, in 1979, Oikawa et 
al. at the NTT (former Nippon Telegraph and Telephone Public Corporation), reported a 
PS fiber with reduced attenuation of 114 dB/km at the same wavelength region [137]. 
 
Figure 2.4.4 Chemical structure of polystyrene. 
Theoretically, the attenuation of PS can be as low as 70 dB/km at 670 nm [136], being 
this intrinsic value related with the overtones of the of three aliphatic and five aromatic 
carbon-hydrogen (C-H) bonds [4], (seen in Figure 2.4.4), and also due to the phenyl group 
present in each monomer unit, that due to the flat physical geometry, gives rise to 
molecular anisotropy and hence, scattering [68]. Because of that, side-emitting or 
fluorescent fibers made of PS are being used [138]. 
2.4.5 Perfluorinated (PF) Polymer 
Perfluorinated polymers are formed via free radical mechanism of 
perfluoromonomers. They tend to form partially crystalline structures, and thus, opaque 
due the light scattering between the amorphous and crystalline phases. The most efficient 
way to give transparency to the polymer is through the introduction of aliphatic rings into 
the main chain, blocking the formation of crystalline structures. The most known examples 
of such amorphous polymers are Teflon
®
 AF and CYTOP
®
, developed by DuPont and 
Asahi Glass Co., Ltd. (AGC), respectively [4]. Teflon
®
 AF is obtained through the co-
polymerization of perfluoro-2,2-dimethyl-1,3-dioxole (PDD) (with cyclic structure in its 
monomer unit), and tetrafluoroethylene (TFE). Contrary to Teflon
®
 AF, CYTOP
®
 is a 
homopolymer obtained from perfluoro(4-vinyloxyl-1-butene), yielding penta- and hexa-
cyclic structures in the polymer chain [139], (see Figure 2.4.5). 
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Figure 2.4.5 Chemical structure of CYTOP
®
 based on penta- and hexa-cyclic structures. 
Both Teflon
®
 AF and CYTOP
®
 have excellent transparency due the cyclic structures 
in the main chain. Additionally, they have excellent solubility in fluorinated solvents, 
thermal and chemical durability, high electrical isolation, low water absorption, low 
refractive index, and low dielectric properties [94], [139]. 
Despite the good transparency of Teflon
®
 AF, the polymer is being used as the 
cladding material in fibers and waveguides due the extremely low refractive index 
(n589 nm = 1.29) [4]. On the other hand, in 1995 professor Koike from Keio University 
introduced a graded-index POF composed of CYTOP
®
. In 2000, AGC commercialized the 
first CYTOP
®
 based GI-POF (Lucina
®
). Since then, the fiber has been used in different 
areas with emphasis in home networking, due the low loss (i.e. 10 dB/km at 1000 nm and 
15 dB/km at 1300 nm) [140], which is more than needed for home networking 
applications. 
Later, in 2010, AGC released another CYTOP
®
-based GI-POF called Fontex
TM
. The 
fiber was an improvement of the Lucina
®
 fiber regarding the bending loss, by employing a 
double cladding structure with a considerably lower refractive index [4]. 
Additionally, CYTOP
®
 fibers can have a theoretical loss limit at 1000 nm and 
1300 nm of 0.7 dB/km and 0.26 dB/km, respectively [4], [141], a value that could be 
comparable with that of silica fibers [142]. This lower losses, are related with the low 
refractive index of this polymer (n589 nm = 1.34), which provides low scattering losses at 
longer wavelengths [4]. Nevertheless, the polymer has no hydrogen in the main chain 
contrary to most POF based materials. Thus, the molecular absorption is only due the 
overtones of C-C, C-F and C-O bonds, which are lower in intensity since the wavelengths 
of their fundamental stretching-vibration are found at longer wavelengths [4]. One way to 
reduce the fiber losses may be realized for instance employing new fabrication methods or 
reducing the impurities. 
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2.5 Polymer Optical Fiber Fabrication 
Polymer optical fibers, contrary to silica fibers, can be fabricated with a wider range of 
techniques. The reason is mainly associated with the lower processing temperatures (lower 
Tg), and the ease of machining in case of microstructured fibers. However, for the 
production of a POF, it is necessary to know which fabrication method is more adequate 
for each fiber structure/profile. Therefore, it is worth to know the differences between the 
techniques, in order to have better economies, lower processing times, lower losses, among 
others. 
In the overall, the fabrication techniques can be associated to three types of POFs, 
specifically, SI, GI and mPOF. Additionally, the techniques can be separated concerning 
the flow, respectively: continuous and discontinuous. 
Regarding the discontinuous manufacturing techniques, there is always a two-step 
procedure, beginning with the construction of a preform, which is a scaled-up (larger in 
diameter, sorter in length) version of the fiber that contains the essential features, such as 
structure and refractive index [143]. The second step concerns the drawing process, in 
which the preform is drawn to fiber using a draw tower (see Figure 2.5.1). For that, the 
preform is secured at the top of the draw tower and heated in a furnace (see Figure 
2.5.1(a)) to a temperature larger than Tg, allowing the necessary viscosity, such that it can 
be drawn to fiber. The process can be done in intermediate stages, involving the drawing of 
the initial preform to an intermediate size called “cane”, sleeving it to increase the 
diameter, or combining several canes to perform a new preform [143], [144]. The velocity 
in which the fiber is pulled down and the speed at which the mandrel (i.e. Figure 2.5.1 (c)) 
rotates are adjusted by a regulatory mechanism performed in the main control (i.e. Figure 
2.5.1 (d)). For that, the POF diameter readings executed by the laser measuring 
system (Figure 2.5.1 (b)), are continuously analysed in order to allow the fine diameter 
control of the fiber. One drawback of this technique is related with the limited length and 
diameter of the preform. Therefore, a disruption of the drawing process is inevitable, 
leading to a discontinuous process [131]. 
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Figure 2.5.1 POF drawing tower machine (photo taken at LaFE facilities at Universidade Estadual de 
Campinas. (a) Furnace; (b) pulling and measurement system; (c) wrap system, (d) main control 
system. 
For the continuous manufacturing techniques, the procedures involved are made 
simultaneously, allowing the fabrication of a fiber with a theoretical infinite length. In the 
overall, the main advantage when compared with discontinuous manufacturing techniques 
is the high production rate that can be obtained, providing thus, better economies. 
2.5.1 Production of Step - Index Polymer Optical Fibers 
For the production of SI-POFs through discontinuous process, it can be found the heat 
drawing and the batch extrusion process. For the heat drawing process, the preform 
composed with core and cladding can be prepared by wet and dry process. For the wet 
process, the polymer gets in direct contact with the liquid monomer (in situ 
polymerization) before it is completely polymerized. On the other hand, in dry process the 
core and cladding are polymerized in separate, and finally joined for the creation of the 
preform [131], [145]. After that, the preform is drawn to a fiber using the drawing tower as 
described before. Another possible way to produce the fiber using this method is basically 
through the use of a preform only composed of a core polymer. After pulling the core 
preform to a small diameter, it is passed through a plasticised coating material that is later 
cured through UV radiation. The coating will act thus, as the cladding of the fiber. The 
(a) (b) 
(c) (d) 
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simplicity and flexibility of the technique together with the good quality of the produced 
fiber are the key aspects when using this kind of manufacturing process. However, the 
process can be tedious and expensive for large scale purposes. 
The other discontinuous process used for the production of SI-POF is the batch 
extrusion technique. The technique involves a two-step procedure, specifically the 
polymerization and the extrusion of the polymer melt [131]. The monomer, initiator, chain 
transfer agent and additives are pumped to a reactor where the polymerization will occur. 
After that, the temperature is raised to form a polymer melt that will be carried to a 
spinning nozzle using nitrogen. For the creation of the cladding of the fiber, a secondary 
extruder containing the molten cladding material is conveyed to a second spinning 
nozzle [5], [131]. 
SI-POFs can also be produced through continuous process. From those, it can be 
found the continuous extrusion, the melt spinning and the photochemical polymerization 
technique. Concerning the continuous extrusion and the melt spinning technique, they are 
quite similar regarding the manufacturing processes; however, the raw materials are 
different. For the continuous extrusion, the raw materials that are continually fed into the 
mixing chamber are the monomer, the initiator and the chain transfer agent, that need to 
achieve a combination of 80 % polymer and 20 % monomer, before being extruded by the 
spinning nozzle. The introduction of the cladding material can be performed through a co-
extrusion process, where the same spinning nozzle used for the extrusion of the core 
polymer is used [131]. On the other hand, in the melt spinning technique, the 
polymerization reaction is no longer needed since the raw materials are already polymer 
granulates instead of monomers. The material is thus molten in the extruder and conveyed 
to the spinning nozzle. The cladding material is applied in a co-extrusion process and after 
passing through the spinning nozzle, the fiber is cooled down and wound up in reel unit. 
The complete process can be seen in Figure 2.5.2. 
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Figure 2.5.2 Schematic of the production of POFs through the melt spinning technique. 
2.5.2 Production of Graded Index Fibers 
One of the most important factors degrading the bandwidth in multimode step-index 
fibers is the modal dispersion. However, as mentioned in section 2.2.1, the use of a 
refractive index with graded index profile in the core region, allows the control of the 
propagation speed of each fiber mode. The first GI-POF was fabricated in 1982 [146], and 
since then, several methods of creating a GI profile have been reported [9], [147]–[149]. 
Among those, the low molecular doping method is described to be one of the most efficient 
and simple way to create a radial distribution of the refractive index. 
2.5.2.1 Interfacial Gel Polymerization Technique 
The interfacial gel polymerization technique is classified as a discontinuous technique 
and it was firstly reported by Prof. Koike from Keio University [149]. The process 
involves the preparation of the preform with a GI profile, following heat-drawn to the GI-
POF. 
At the beginning of the process, a glass vessel tube is filled with MMA monomer 
mixtures, the initiator and the chain transfer agent, which are then rotated at 3000 rpm and 
heated at 70 ºC, during 3 – 6 hours. During the process, the MMA monomer coats the inner 
wall of the glass vessel due the centrifugal force, and is then gradually polymerized [4]. 
After heat treatment at 90ºC during 24 hours, a PMMA hollow tube is created and will 
serve as the cladding layer of the graded index preform. The hollow tube is then filled with 
Co-extrusion head 
Extruder for  
cladding material 
Extruder for 
core material 
Cooling system 
Diameter 
gauge Reel 
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a mixture of two different monomers M1 (high refractive index and large molecules 
(dopant)) and M2 (smaller refractive index and smaller molecules), initiator, and chain 
transfer agent. The tube mixture is heated at a temperature of 120ºC during 48ºC, with 
0.6 MPa nitrogen pressure to avoid bubble formation [148]. At the early stage, the PMMA 
wall tube is slightly liquefied, resulting in a layer of gel that accelerates the polymerization. 
During the process, the smaller molecules (M1) are more susceptible to diffuse into this gel 
layer, leading to have a higher concentration of M2 molecules towards the centre 
region [5]. The final result is a 15 to 22 mm thick preform composed of a graded index 
profile. Finally the preform is then heat drawn to the fiber at temperatures ranging 220 –
 250 ºC. 
 
Figure 2.5.3 Gel polymerization technique. (a) PMMA tube filled with different monomers (M1 ( • ) 
and M2 (o)); (b) formation of the gel layer; (c) final preform with GI profile. 
2.5.2.2 Coextrusion Process 
The continuous production of GI-POFs (without the use of an initial preform), was 
first proposed to reduce the cost of the fabrication cost [150]. In this process, polymers 
doped with low-molecular-weight dopants and homogeneous polymers are first prepared as 
the base materials of the core and cladding layers, respectively [151]. The two materials 
are melted in each extrusion section and conveyed to the spinning nozzle. The cladding 
material is applied in a co-extrusion process. The fiber leaving the spinning nozzle at this 
stage presents a SI profile. For that reason it is passed through a diffusion section that heats 
the fiber and promotes the diffusion outward of the low molecular weight dopant, 
producing a GI profile. The final stage of the production comprises the cooling system and 
the wound up of the fiber in the reel unit [151]. Due the simplicity of the process, GI-POFs 
can be produced in large scale with relatively low cost. One example of a commercial 
available fiber produced through this method is the GigaPOF
®
 fiber, a CYTOP
®
 based 
fiber, produced by Chromis Fiberoptics, Inc., (see example shown in Figure 3.4.1 (g)). 
(b) (a) (c) 
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2.5.3 Production of Microstructured Fibers 
The use of tiny holes with a special arrangement around a solid core, allows the light 
guidance in a way similar to the total internal reflection that occurs in SI fibers. This type 
of fibers can exhibit properties that cannot be attained with conventional ones, such as the 
ability to remain SM in a wide range of wavelengths [19]. To achieve such features, it is 
necessary to adjust the position and diameter of the air holes. However, this is not an easy 
task to perform with silica fibers due their brittle nature and high glass transition 
temperature. Contrary to silica, polymers are easier to manipulate, due their non-brittle 
nature and due to their lower glass transition temperatures. Additionally, the fabrication of 
SI-POFs with SM behaviour at the low loss region of polymers, is a challenging task, due 
the compromise between the refractive index of the core/cladding and the core diameter. 
This feature is easier to achieve with the creation of a microstructure as it happens with 
silica fibers. For such reasons mPOFs have been produced with a variety of techniques (all 
discontinuous), such as stacking [152], drilling [17], extrusion [153], casting [154] and 3D 
printing [155]. Such methods of preform production will be described in the next sections 
and can be seen in Figure 2.5.4. 
 
Figure 2.5.4 Discontinuous fabrication methods used for mPOF fabrication. (a) Stacking; (b) drilling; 
(c) extrusion from resin, billets or monomer; (d) casting/moulding; (e) 3D printing. 
2.5.3.1 Stacking 
Stacking is the main method used for the production of PCFs (see Figure 2.5.4 (a)), 
being also employed for the fabrication of mPOFs based on PS [156], PF [157] and 
(b) (a) 
(d) (e) 
(c) 
2017 
Novel Techniques and Devices for Optical Communications and 
Sensing Technologies 
 
48  
 
PMMA [152]. In this method, tiny capillary tubes are piled up with the predefined 
arrangement and then filled into a hollow core tube in order to form the preform, that later 
will be heat drawn to fiber. One obvious limitation of this procedure is the limited hole 
arrangement. Additionally, the process can be tedious and expensive, since it is a 
discontinuous process and requires pilling up of thousands of capillary tubes to form a 
preform. 
2.5.3.2 Drilling 
The drilling technique was the one used to produce the first mPOF in 2001 [17]. The 
technique is based on the perforation of a solid rod (Figure 2.5.4 (b)). For that, a computer 
numerical controlled (CNC) mill is used. Semi-synthetic cutting fluid is constantly flushed 
onto the drilling zone, permitting to cool the drilled part and also minimizing the likelihood 
of surface roughness. Nevertheless, the drill is controlled in an up and down process, 
allowing the removal of the small plastic bits. Due the drill limited length, the preform 
needs to be drilled at both ends in order to have enough length for the heat drawing 
process. Therefore the length of rod is about two times the length of the drill. Due these 
two last reasons, a preform composed of tens of holes can take several hours to be created. 
The holes can be arbitrarily located on the rod, being only limited by the technological 
limits of drilling quality [131], [144]. The technique is very easy and versatile, allowing its 
use for several structures. Examples of preforms after being drilled, can be seen in Figure 
2.5.5. 
 
Figure 2.5.5 Side view ((a), (b)) and top view ((c), (d), (e), (f)) photographs of different PMMA 
preforms, used for the fabrication of HiBi mPOFs ((a), (b), (c), (d)), dual core mPOF (e) and SM 
mPOF (f). 
(a) (b)
(d)
(c)
(f)(e)
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After the drilling process, the preform is flushed with water for several hours, in order 
to remove any impurities (from the cutting fluid and PMMA micro-swarf), adhered to the 
preform [158]. A 24 hours annealing process is then applied to the preform, evaporating 
the water absorbed by the polymer on the cleaning process. The preform is now prepared 
for the use of the heat drawing process. Although, the dimensions required for the holes 
structure in the final fiber imposes more than one step procedure in the heat drawing 
technique. Generally, the preform is primarily drawn to a “stretched” secondary preform 
(6 - 12 mm in diameter and 15 cm in length), that is subsequently sleeved to form a 
secondary preform. The process may be repeated many times as needed [144]. Regarding 
the heat drawing process, the holes of the mPOF preform, contrary to what happens in the 
fabrication of SI or GI-POFs, can be pressurised during the fabrication process. By doing 
that, a more precise control of the holes dimension / air filling fraction may be achieved. 
However, this brings another parameter to control which further increased the complexity 
of the process. Nevertheless, the precise control of all the variables enhances the quality of 
the mPOFs prepared. 
2.5.3.3 Extrusion 
The extrusion method is possibly the most indicated method for large scale production 
of mPOFs [159]. In this method, the molten polymer, resin or monomers/polymer mixture, 
are fed into the extruder. The material is then forced to pass through a die that contains the 
inverted pattern of the required mPOF [153], [160]. With this method it can be possible to 
extrude complex structures [153], with hole shapes that cannot be performed with for 
instance the drilling technique. Additionally, the preforms can be obtained in a single 
automated step, with a length determined by the drawing tower and handling issues. The 
correspondent setup can be seen in Figure 2.5.4 (c). 
2.5.3.4 Casting 
The preform casting is another technique that can be used for large scale production of 
mPOFs, due the low cost of production. This technique has been used to produce both 
glass and plastic preforms [154], [161]. 
Preform casting refers to the technique where a mould that mirrors the shape of 
pretended microstructured fiber, is filled with the necessary chemical precursors (i.e. 
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monomer, initiator and chain transfer agent). The correspondent setup can be seen in 
Figure 2.5.4 (d). During the polymerization, there are formation of bubbles, and for that 
reason, the reaction is performed in vacuum atmosphere. After the polymerization, the 
solid preform is removed from the mould and is then ready for the heat draw 
technique [154]. 
Compared with stacking methods, casting is more advantageous, since the hole 
pattern, size and spacing can be altered independently and it does not create interstitial 
holes within the lattice [154]. 
2.5.3.5 3D Printing 
3D printing is the newest mPOF preform fabrication method presented by Cook et al. 
in 2015 [155], [162]. The technique described in their paper is based on a low-cost 
commercially available thermosetting 3D printer that prints a 3D preform fiber. The 
material used for the preform production is a PS mixture containing styrene – butadiene -
 copolymer and PS. The injection of the material is done through an extruder, where its 
temperature is set to 210 ºC, keeping the bed temperature at 95 ºC. The process is done by 
depositing several layers of the filament material (see Figure 2.5.4 (e)), and thus, the 
process can take several hours to be completed, being this, one of the disadvantages 
pointed for such technique [155]. 
3D printing of optical preforms is a new milestone in optical fiber manufacturing 
process and it could be one of the directions to follow in the near future. 
2.6 Attenuation in Polymer Optical Fiber Materials 
Nowadays the use of fiber optics has its main application in optical communications. 
Additionally, other uses such as lightning and sensing are also being employed. However, 
any of these applications are subject to light attenuation through the waveguide material, 
being this more pronounced for long distance applications. Fiber attenuation limits how far 
the light can propagate before being too weak to be detectable. The most known method to 
measure the fiber attenuation is through the cutback method [4]. For that, the output 
power (Pout1) of the fiber under test is measured. Later, and without disturbing the input 
conditions, the test fiber is cut back to a shorter length, leaving a few meters from the input 
source, in order to allow an equilibrium mode distribution. The output power at this near 
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end (Pout2) is then measured. The attenuation α, expressed in decibels per kilometre is 
defined as follows: 
 






2
1
10
21
log
-
10
-)/(
out
out
outout P
P
LL
kmdB
 
Equation 2.6.1 
where Lout1 and Lout2, the length of the fiber before and after the cleaving process. 
Nowadays, POFs are being considered appropriate for short range applications [4], [8]. 
This has been due to three main reasons: first, the use of large core permits an easily 
coupling between the fibers, allowing low skill operator and the implementation of cheap 
plastic connectors. Secondly, when the core diameter is reduced, the attenuation increases. 
This occurs due to the geometrical and structural fiber imperfections that are more 
pronounced for smaller core diameters [8] (see Table 2.6.1). Finally, the use of large 
diameter core fiber allows the use of low cost high NA light sources. 
Table 2.6.1 Attenuation of MM-POFs for the visible region, concerning different core diameters (Dc) 
and different manufactures, (adapted from [8]). 
Manufacture 
Attenuation (dB/km) 
Dc = 250 µm Dc = 500 µm Dc = 750 µm Dc = 1000 µm 
Mitsubishi Rayon Co., Ltd. <700 <190 <180 <160 
Toray Co., Ltd. <300 <180 <150 <150 
Asahi Glass Co., Ltd. - <180 <180 <125 
Loss mechanisms affect either silica fibers as well as POFs. However, this is much 
more pronounced for POFs. Indeed, for all optical fibers the Rayleigh scattering is present 
at short wavelengths, but for polymers, the vibration of the C-H harmonic becomes very 
significant at wavelengths longer than ~600 nm. 
If we consider a communication system in home building application, it is necessary a 
length of ~50 m. Therefore by employing a light source with a power of -6 dBm, a receiver 
with the lowest sensitivity of -18 dBm, coupling loss of 1.5 dB, bending loss 0.5 dB, power 
penalty of 1.5 dB and margin 2.5 dB, the acceptable transmission loss for the fiber will be 
6 dB [4]. Thus, considering the fiber length proposed, it is necessary to have a fiber with an 
attenuation lower than 120 dB/km. Considering the most used polymer materials, being the 
(i.e. PS and PMMA), it can be noted that this attenuation value imposes challenges, since 
the theoretical values are respectively 70 dB/km [136] and 100 dB/km [127], [163]. 
The basic attenuation mechanisms in a POF can be assembled into two main groups: 
intrinsic (internal) and extrinsic (external). For the intrinsic attenuation, they result from 
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the physical and chemical structure of the polymer, which are due to absorption and 
scattering. Both contributions are dependent on the composition of the optical fiber and, 
cannot be eliminated, representing thus, the ultimate transmission loss limit [8]. Extrinsic 
attenuation is due to absorption by organic contaminants, transition metals and water 
absorbed by the fiber material [117]. It is also due to the scattering of light in micro-voids 
and dust, as well as core diameter fluctuations, birefringence and core cladding 
imperfections during fiber manufacturing process [66]. Basically these are the losses that 
can be reduced by purification of the material and on the optimization of the manufacturing 
process. All these mechanisms can be seen in table see Table 2.6.2 [164]. 
Table 2.6.2 Classification of intrinsic and extrinsic factors affecting POF attenuation 
Type Mechanism Type Abbreviation 
    
 
Absorption 
Electronic Transitions  eT 
Intrinsic Molecular vibration absorption mv 
   Scattering Rayleigh scattering Rs 
   
Extrinsic 
 Transition metals 
i 
Absorption Organic contaminants 
 Water absorption 
 Dust 
Dispersion Voids 
 Microfractures 
 Structural imperfections 
Radiation Microbends 
 Macrobends 
    
From the above classification, the attenuation can be written as the sum of each 
contribution ( = eT + mv + Rs + i). 
2.6.1 Intrinsic Losses 
2.6.1.1 Electronic Transition Absorption (UV absorption) 
Light induced electronic transitions in polymers is responsible for absorptions in the 
UV region, which may tail into the visible region depending on the extent to which 
electrons are delocalized in the structure [145]. 
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The light absorption occurs when a photon excites an electron to a higher energy level. 
Absorption due to electronic transitions occurs due the transfer of exciting valence 
electrons from an occupied lower energy orbital to an empty higher energy level, with 
correspondent absorption of light. The transitions occur in order of energy as 
  * <   * <   * <<<  *, [145], (see Figure 2.6.1). 
E
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_________________  (antibonding)
_________________  (antibonding)
 
_________________  (non-bonding) 
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_________________  (bondingg) 
  
Figure 2.6.1 Energy levels for electrons according to molecular theory. 
When saturated bonds or single bonds exist, electrons can undergo   * transitions, 
occurring in deep UV regions (135 nm), having no effect on the practical transmission 
windows of polymers [145]. On the other hand, electrons in unsaturated bonds (double or 
triple bonds), can have   *,   * and   * transitions with absorptions near 220-
230 nm [165], extending their tails into the visible region. Concerning organic groups, 
there are two important transitions,   * in the C=C bond as well as in the phenyl 
group, and   * in the C=O bond. 
The absorption peaks originated from the electronic transitions in the far UV, have an 
absorption tail that is extended to the visible and near infrared. This absorption tail (eT) 
follows the Urbach‟s empirical rule [166] through the following equation: 
 







 00 exp
B
AeT
 
Equation 2.6.2 
where A0 and B0 are the material constants, determined from the absorbance spectrum. 
Those constants can be found in Table 2.6.3, respectively for the three most used polymers. 
Table 2.6.3 A0 and B0 material constants for PMMA, PS and PC 
Material Constants  
Polymer material 
PMMA [167] PS [136] PC [127]. 
A0 1.58 x 10
-12
 1.10 x 10
-5
 1.87 x 10
-2
 
B0 11.50 x10
3
 8.00 x 10
3
 5.30 x 10
3
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The calculated electronic transition loss based on the values expressed in Table 2.6.3 can 
be seen in Figure 2.6.2. 
 
Figure 2.6.2 Calculated electronic transition absorption for the three most used polymers, respectively 
PMMA, PS and PC. The markers define the low loss regions of the polymer. 
Regarding Figure 2.6.2, it can be observed that the ultraviolet absorption edge 
decreases as the wavelength increases, where for PMMA the loss is almost negligible after 
450 nm. This is explained by the weak absorption at 220-230 nm of the   * transition 
of the double bond of the ester group, and   * transitions of low intensity near 200 nm 
due to the azo group in a polymerization initiator, when azo compounds are used [165], 
[168]. 
Contrary to PMMA, the electronic transition loss curves of PS and PC extend further 
to the near infrared region. A closer look reveals losses of 100 dB/km at 500 nm and 7 dB 
at 600 nm for PS, and loss values as high as 750 dB/km at 500 nm and 130 dB/km at 
600 nm for PC. The explanation is the result of the * electronic transitions of the 
phenyl groups in PS and PC [168] (see Figure 2.4.2 and Figure 2.4.4). However, the total 
conjugate system in a molecule should also be considered. Additionally, PC presents two 
phenyl groups contrary to PS, which has only one, being thus, the reason for its higher 
losses [109]. 
The high losses presented by PS and PC, prove that these two polymers are not 
suitable for white light transmission, even considering the inexistence of other loss 
contributions. Another relevant aspect with these results is related with the design of an 
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optical fiber. At first, one may think to use these two materials for the core of an optical 
fiber due the higher refractive index that they offer when compared with other 
polymers (see Table 2.3.1). However, the theoretical electronic transition losses can 
compromise the application for which the fiber is intended. 
2.6.1.2 Molecular Vibration Absorption (IR absorption) 
The molecular vibration absorption is another type of intrinsic loss. This effect is the 
most predominant factor to contribute to the fiber attenuation in the IR and visible spectral 
regions. 
The individual bonds and groups in a large molecule, can be considered as isolated 
anharmonic oscillators [125]. The potential curves belonging to these oscillators can be 
approximated by the “Morse Potential”, where the energy levels can be written as: 
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Equation 2.6.3 
where  is the quantum number,  the anharmonic constant and 0 the vibration frequency 
of an absorption band, which is dependent to a first approximation upon the masses of the 
atoms involved and the force constant of the interatomic bond, in accordance with the 
classical equation for the harmonic oscillator [68], [169]: 
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Equation 2.6.4 
where K is the force constant of the interatomic bond and  the reduced mass of atoms 
involved in the vibration, defined as [169]: 
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Equation 2.6.5 
being m1 and m2 the masses of the atoms. The position of the fundamental vibration 1 or 
an overtone  ( = 2,3,4,…) is now given by [125]: 
 )1(-)0(-)( 00   GG  Equation 2.6.6 
From the absorption spectra it is only possible to access 1, 2, …, thus, 0 needs to be 
rewritten as: 
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Equation 2.6.7 
2017 
Novel Techniques and Devices for Optical Communications and 
Sensing Technologies 
 
56  
 
and replacing 0 into Equation 2.6.6, to produce: 
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Equation 2.6.8 
If 1 and  are known, the spectral positions of the overtones can be calculated by using 
Equation 2.6.8. On the other hand,  can be calculated from the fundamental vibration 1 
and the first overtone 2 [125]. 
The fundamental vibration absorption for different bonds, obtained from the 
absorption spectra collected by different authors is shown in Table 2.6.4. 
Table 2.6.4 Fundamental vibration absorption of different bonds. 
Bond Wavelength (nm) 
C-H 3300 - 3500 
C-D 4400 
C-F 8000 
C-Cl 11700 - 18200 
C=O 5300 - 6500 
O-H 2800 
The estimated attenuation overtone due to molecular vibration absorption for a bond 
B (B = carbon-hydrogen (C-H), carbon-deuterium (C-D), carbon-fluorine (C-F), carbon-
chlorine (C-Cl), carbon=oxygen (C=O), oxygen-hydrogen (O-H)) is given by [125] as: 
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Equation 2.6.9 
where  is the polymer density, NB the number of B bonds, MG the molecular weight of the 
monomer unit, EE
C-H
the vibration energy ratio of each bond to the fundamental 
frequency of the C-H bond. Figure 2.6.3 shows the spectral overtone positions and 
normalized band strengths for different bond vibrations, obtained from the data presented 
in [125]. If one considers  = 1.19 g/cm3, MG = 114 g/mol, and NC-H = 8 for PMMA, then 
from Equation 2.6.9, the value EE
C-H
 = 3.3 x 10
-8
 refers to an attenuation of 1 dB/km. 
Regarding Figure 2.6.3, it can be seen that the overtones decrease in intensity when the 
order of the harmonic increases (the intensity decreases one order of magnitude when the 
overtone ( increases one unit [109]). Since the fundamental vibration absorption occurs 
for longer wavelengths (see Table 2.6.4), it is obvious the occurrence of high attenuation in 
the infrared region, when compared to the visible region. 
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Figure 2.6.3 Absorption loss due to C-X vibrations versus spectral overtone position, (based on the 
table values found in [125] and Equation 2.6.9). 
Concerning the overtones for carbon deuterium and carbon-halogen bonds, they are 
several orders of magnitude lower than the overtone of carbon-hydrogen in the visible 
region. Thus, they should contribute negligibly to the fiber loss in the visible and near IR. 
The same applies to the C=O vibration absorption (i.e. in PMMA and PC), especially 
because a monomeric unit usually contains only one carbonyl group [125]. 
The behaviour presented by C-D, C-F and C-Cl overtones, suggests a way to improve 
the PMMA-POFs transparency, by replacing the hydrogen atoms by these heavier 
elements, shifting the fundamental absorption frequency to longer wavelengths (see 
Equation 2.6.4 and Equation 2.6.5). Taking this into account, some PMMA-POFs have 
been deuterated (PMMA-d8), achieving experimental and theoretical loss values of 
20 dB/km and 10 dB/km respectively [163], [164]. Deuterated polymers besides being 
costly and difficult to synthesize, they also absorb water. This will impose strong 
vibrational absorption of the O-H groups specially in the near infrared region [117]. In 
order to supress the water absorption, the solution was fluorine substitution, for the 
hydrogen core polymer, preventing the water penetration into the core polymer [8]. 
Another great advantage is that carbon-halogen bonds present low vibration absorption in 
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the wavelength between 850 nm and 1300 nm (see Figure 2.6.3), allowing their use with 
emitters and receivers already developed for glass optical fibers. 
2.6.1.3 Rayleigh Scattering 
Rayleigh scattering loss Rs is caused by inhomogeneities of random nature that occur 
in a small scale compared to wavelength of light. The order of size of these irregularities is 
about 1/10 of a wavelength. These inhomogeneities are fundamental and cannot be 
avoided, imposing an intrinsic loss limit on the material. They manifest as density 
fluctuations, orientation and composition of the material. For the density fluctuations, they 
are related with T (the isothermal compressibility) and with   / |T, where and  are 
respectively the dielectric constant and density [8]. The orientation fluctuations are caused 
by the anisotropy of the monomers and by the crystallinity of the polymer links. Finally the 
composition fluctuations arise from the addition of substances to achieve the desired 
refractive index profiles (in case of GI-POFs) [8]. These effects will modify the refractive 
index in distances on the order of the wavelength. The subsequent scattering of light (in 
almost all directions), due these inhomogeneities produces an attenuation that follow the 
characteristic -4 Rayleigh scattering law. The optical power attenuation due to Rayleigh 
scattering can be written as [142]: 
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Equation 2.6.10 
where n is the material refractive index of the medium,  is the wavelength of light, pe the 
photoelastic coefficient, Tc the isothermal compressibility at the fictive temperature Tc, 
and KB is the Boltzmann‟s constant [170]. The fictive temperature is defined as the 
temperature at which the material can reach a state of thermal equilibrium and is closely 
related to the anneal temperature. Equation 2.6.10 indicates that the power attenuation can 
be reduced if low-temperature, low-index, low-compressibility materials are used. 
Furthermore, as the scattering intensity is proportional to -4, hence the Rayleigh scattering 
loss can be roughly estimated at an arbitrary wavelength by [142]: 
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Equation 2.6.11 
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where Rs(0) is the Rayleigh scattering loss at the specific wavelength 0. From this 
equation, it can be seen that the scattering loss rapidly diminish with increasing 
wavelength. In order to compare the Rayleigh scattering loss evolution of different 
polymer materials in a wide wavelength range, it was used Equation 2.6.11 and the 
experimental values found in Table 2.6.5. The results are shown in Figure 2.6.4. 
Table 2.6.5 Isotropic scattering loss (dB/km) 
Polymer Material 0 (nm) 
Rs(0) 
(dB/km) 
PMMA [164] 633 8.8 
PMMA-d8 [164] 633 10 
PC [127] 488 277 
PS [136] 633 55 
CYTOP
®
 [170] 650 4.2 
 
Figure 2.6.4 Calculated Rayleigh scattering loss for PMMA, PMMA-d8, PC, PS and CYTOP
®
 
materials. The markers define the wavelength regions where the polymers offer lower losses. 
As can be seen, Rs for PS and PC are much higher than those of PMMA, deuterated 
PMMA and PF materials. This finding may be explained with reference to their molecules 
represented in Figure 2.4.2 and Figure 2.4.4, for PC and PS, respectively. First, the 
presence of phenyl groups gives rise to the refractive index (~1.59 for PC and PS, which is 
higher than 1.49 for PMMA and 1.34 for CYTOP
®
, @ 589 nm). Thus, Rs increases, as 
may be deduced from Equation 2.6.10. Secondly, the flat physical geometry of the ring, 
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increases the molecular anisotropy and hence scattering; compared to the tetrahedral 
methyl group (CH3), in PMMA, shown in Figure 2.4.1, which creates a more three-
dimensional structure [68]. 
2.6.2 Extrinsic Losses 
The extrinsic loss factors come from imperfections and impurities in the core of 
optical fibers. They can be for instance a variation in the fiber core diameter, roughness, 
inhomogeneities introduced during the fabrication, presence of pollutants, dust particles, 
O-H groups, bubbles, micro fractures, etc. These loss factors are related to the 
manufacturing process and thus, in principle they can be reduced and/or even avoided. 
Additional external contributions may also appear under the form of bending losses, 
temperature, pressure, strain, humidity, ageing, among others. 
2.6.2.1 Absorption by Impurities 
During the manufacturing process of an optical fiber, some contaminants can be 
unintentionally introduced into the polymer material, either during the polymerization 
process, or during the extrusion process. These impurities are essentially transition metals 
ions such as nickel (Ni), cobalt (Co), chromium (Cr), manganese (Mg) and iron (Fe)) [8]. 
In general, these impurities present the fundamental vibration absorption frequency whose 
overtones are centred in the visible and infrared regions of the spectrum (see Table 2.6.6). 
Co ions, for instance, have absorption bands centred at 530, 590 and 650 nm, resulting in a 
single large peak absorption. For this particular case, it is reported that only 2 ppb* of these 
ions increase the loss to about 10 dB/km [168]. Table 2.6.6 shows the contribution of 
different impurities. 
Table 2.6.6 Loss induced by contaminants [8] 
Metal ion Concentration (ppb) Loss (dB/km) 
Co 2 10 (visible) 
Cr 1 1 (650 nm) 
Fe 1 0.7 (1100 nm) 
Cu 1 0.4 (850 nm) 
However, another major extrinsic loss mechanism is caused by absorption due to water. 
The molecular vibration absorption of the O-H bond appears near the C-H vibrational 
                                                          
*
 ppb means 1 impurity atom per 10
9
 atoms. 
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absorptions of PMMA. One of the most affected transmission regions is at 766 nm (one of 
the optical windows of PMMA), where losses as high as 250 dB are expected for 90 % 
relative humidity [117]. The case becomes worse if one considers PMMA-d8 materials. 
For that, losses as high as 600 dB/km and 800 dB/km are observed for 746 nm and 
840 nm [117]. For this reason PMMA-d8 is not the perfect candidate from the view point 
of transmission property stability. Compared with fluoride polymers this is a huge 
drawback since for those, the water absorption is almost negligible. 
Material impurities can also be introduced on the fabrication of mPOFs. This is 
especially relevant considering the coolant used for the CNC preform drilling process. It 
has been found that switching from an oil-based emulsion to a semi-synthetic cutting fluid 
provided a 28 % loss reduction [158] 
2.6.2.2 Dispersion due Physical Imperfections 
The presence of large inclusions or high frequency variations in the diameter of the 
core fiber will provoke scattering loss that is independent of the incident wavelength. 
Where large may be considered higher than 1 m, and the inclusions to cover defects such 
as bubbles, cracks or dust. Those physical imperfections are shown in Figure 2.6.5. 
 
Figure 2.6.5 Scattering loss due to different physical imperfections (dust, cracks, bubbles, core-
cladding imperfections). 
Bubble 
Crack Dust 
Z 
Core Cladding 
Core-cladding 
imperfections 
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When light travelling in an optical fiber encounters one of these imperfections, it is 
deviated mainly by surface reflection. However, refraction, diffraction and also absorption 
are also present, depending on the nature of the physical defect [68]. 
2.6.2.3 Radiation Losses 
Radiation losses arise when the fiber is bent. The type of bent can be classified into 
two groups, respectively microbends and macrobends. For the later, they are referred to 
macro scale bends, similar to the ones presented when rolling a fiber on a reel. Concerning 
microbends, they are referred as small scale fluctuations in the fiber axis, which can be 
considered smaller than the diameter of the fiber. The interface between core and cladding 
is probably the best candidate for this kind of imperfections (see example on Figure 2.6.5). 
In fact, during the manufacturing process, the different expansion coefficients of the core 
and cladding materials, leads to the formation of tension on the interface, promoting the 
occurrence of small imperfections. On the other hand, the drawing of the fiber can cause 
the cladding to acquire a rough surface [5]. Additionally, non-uniform lateral pressures 
during the cabling process is also another type of defect associated to radiation loss. 
For mPOFs, the imperfections created on the mechanical drilling process plays also an 
important source of scattering loss at the holes boundary region. 
All the contributions presented for the extrinsic loss factors can be considered 
typically as about 4 dB/km at 1300 nm for the best quality CYTOP
®
-POFs, 20 dB/km for a 
PMMA POF at 680 nm [8] and 45 dB/km for PS based POFs at the visible region [136]. 
2.6.2.4 Losses due to Ageing 
Ageing, is another external characteristic that gives rise to the fiber losses. Ageing can 
be speed up with higher temperatures. Regarding that, the formation of monomeric and 
dimeric compounds, lead to high absorption in the UV-visible region of the 
spectrum [171], [172], leading to the yellowing of the polymer over time, especially under 
the exposure of UV light. Ageing can also be due to the mechanical degradation of POFs. 
This can be observed in POFs that are strained for a long time, leading to chain scission. 
Additionally, micro cracks formed during the POF manufacturing process, may also 
increase their size due the stress relaxation during long time [171]. 
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2.6.3 Total Loss Limit 
The total loss limit accounts for the net contribution of both intrinsic and extrinsic 
losses. Concerning the intrinsic loss limits of POFs, it can be found: vibrating absorption 
loss (e); molecular vibration loss (mv); and the Rayleigh scattering loss (Rs). For the 
most used polymer (PMMA), e is negligible in the visible region (see Figure 2.6.2), and 
the intrinsic loss limit is only due to mv and Rs. This imposes a loss of 35 dB/km in the 
best low loss region of PMMA [164]. The majority of the intrinsic loss is due to the C-H 
molecular vibration absorption, where high overtones fall into the visible region. The 
solution is the substitution of hydrogen by heavier atoms such as deuterium, fluoride or 
chloride, where the higher overtones are far away from the visible region (see Table 2.6.4 
and Figure 2.1.1). For the first, it is possible to achieve an intrinsic low loss of 9 dB/km at 
680 nm. However, deuterated PMMA is expensive, and presents a huge problem related 
with the water absorption, that leads to high losses due to the overtones of the O-H 
absorption, which can be as high as 100 dB/km and 300 dB/km at regions of 780 nm and 
850 nm for an humidity change of 20 %RH to 90 %RH, respectively [117]. The solution 
can pass through the use of fluorine or chloride instead of deuterium. CYTOP
®
, is an 
amorphous fully fluorinated polymer in which hydrogen no longer exists (see Figure 
2.4.5). The theoretical loss limit at 850 nm, 1300 nm and 1550 nm is only due to the 
scattering loss, since these wavelengths are found in minimums of the C-C, C-F and C-O 
overtones, specifically for the 5
th
 through 7
th
 peak absorptions. Therefore, loss minimums 
of 0.26 dB/km and 0.15 dB/km may be found respectively for 1300 nm and 1550 nm, 
which is comparable with that of silica fibers [141], [142]. 
For POFs based on PC or PS, they both show higher losses than PMMA and the main 
reason is due to the C-H electronic transitions and molecular vibrations in the phenyl group 
that increase both e and mv. The phenyl group increases the refractive index and thus the 
scattering (see Equation 2.6.10). Additionally the geometry of the ring increases also the 
molecular anisotropy and hence scattering Rs. The total intrinsic losses in the low loss 
region of PC and PS are known to be 166 dB/km [127] and 84 dB/km [136] respectively 
for the 656 nm and 672 nm. Even with such constrains, POFs based on these materials 
have been considered for the integration in POFs, due their special physical properties (see 
Table 2.3.1). Considering the above discussion it is presented in Table 2.6.7 the relevant 
loss contribution for the low loss region of different materials. 
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Table 2.6.7 Intrinsic loss factors and limits, for different polymer optical fiber materials 
Polymer PMMA [164] 
PMMA-d8 
[164] 
PC [127] PS [136] PF [141], [170] 
 (nm) 516 568 650 680 780 850 656 764 552 580 624 672 850 1300 1550 
e (dB/km) 0 0 0 0 0 0 62 19 22 11 4 2 0 0 0 
mv (dB/km) 11.3 17.7 95.2 1.6 9.7 36 28 165 0 4 22 24 0 0 0 
Rs (dB/km) 26 17.2 10.3 7.5 4.3 3.1 76 40 95 78 58 43 1.45 0.26 0.15 
Intrinsic Loss 37 35 106 9 14 39 166 224 117 93 84 69 1.45 0.26 0.15 
Additionally to the intrinsic losses, POFs have also to deal with extrinsic losses. These are 
essentially related with the manufacturing process. This type of loss can in theory be 
supressed; however, in “physical world” there are always limits to deal with. Figure 2.6.6 
shows the loss spectra of different POF materials and silica based fiber, collected from 
different authors. In the same figure, it is plotted the intrinsic loss limit (marker points), 
presented in Table 2.6.7 for the interesting region of each material. 
 
Figure 2.6.6 Transmission loss spectra of different fiber materials: PMMA [173], PMMA-d8 [174], 
PC [127], PS [175] CYTOP
®
 [176], ZEONEX
®
480R [177], TOPAS
®
5013 [95] and silica [174]. The 
marker points refer to the low loss limit of different materials, obtained from Table 2.6.7. 
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From the spectra shown in Figure 2.6.6, it is obvious that CYTOP
®
 and PMMA-d8 
based POFs are the best candidates for low loss transmission waveguides. However, 
CYTOP
®
 presents an intrinsic loss limit that clearly distinguish from the others, achieving 
a values at the near infrared region, similar to those presented by conventional silica fibers 
(black dashed line). Regarding that, the possibility to use the already developed silica 
based systems is possible for this kind of POF. 
2.7 Summary 
In this section it was given a brief summary about the principle of operation of optical 
fibers, including step index, graded index and microstructured. The quality requirements 
needed for the development of an optical fiber was also analysed, with special focus for 
polymer materials. Therefore, optical, mechanical, thermal and chemical properties were 
introduced and whenever possible, a comparison between different polymer materials was 
given. The most used POF based materials were then introduced, giving a summary of 
their most important parameters. The most used techniques for the fabrication of different 
POFs (i.e. SI-POF, GI-POF and mPOF), was also described. At the end of this section, it 
was analysed the most significant factors involved on the attenuation in the most used 
polymer materials currently employed for the production of POFs. The analysis was made 
for the visible and near infrared regions, and a comparison between the different polymer 
materials was also made. 
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Chapter 3 
3. POF End Face Termination and 
Silica to POF Connectorization 
3.1 Introduction 
It is well known that the POFs end face quality is one of the main challenges when the 
splicing process is needed, especially in mPOFs. Thus, the best POF end face must be 
achieved in order to avoid too much insertion loss and back reflections (i.e. return loss). 
For that reason many authors have been working on this topic, using different techniques, 
such as the semiconductor dicing (SD) saw [178], the focused-ion-beam (FIB) 
milling [178] the ultraviolet (UV) laser cleaving [178], [179], the hot blade cleaving [22]–
[25], the connectorization process [26], [27], and, more recently, the liquid nitrogen 
cleaving method [180]. 
Among these techniques, the most popular is the hot blade cleaving, where a dedicated 
device is used to cut the fiber. In this method different parameters are taken into account, 
such as the temperature, velocity and quality of the razor blade, as well as the temperature 
of the plate where the fiber is placed [22]–[24], [181]. Thus, different materials/dopants, 
microstructures, and even the speed in which the fiber is pulled down on the drawing 
process [101], will impose a combination of different parameters that need to be found for 
each kind of fiber, leading to consider the hot blade cleaving technique a time consumption 
process. 
In what concerns the techniques that use the SD saw, the FIB milling, the UV and the 
liquid nitrogen cleaving method, they have shown to be a viable process in laboratory, but 
not in the field. Additionally, the fiber diameter reported on those works only cover values 
larger than 400 μm, which is high when compared with POFs available (>100 μm). 
The connectorization process is pointed to be one of the best choices for the POFs end 
face termination. With this method, the POF can be glued into a ferrule of a connector and 
polished, simplifying the coupling process. However,  authors reporting the use of this 
methodology agree that the fiber core concentricity is not perfectly aligned to the centre of 
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the connector ferrule [26]. That core misalignment is due to the pre-etching of the fiber, 
with regard to fill the ferrule inner hole (bore) [26], [27], or can be due to the use of a 
larger bore ferrule when compared to the POF [182]. In fact, this process presents some 
problems that can compromise the efficiency of the technique. This isn‟t only because of 
the concentricity of the fiber inside the bore of the ferrule but due the concentricity of the 
core related to the fiber. This last factor plays an important role for POFs, since the 
nowadays manufacturing processes do not follow standard procedures, leading to have 
fluctuations in concentricity and even in dimension of the structures along the fiber length. 
For MM-POFs, the connectorization process is not a concern because the core is too large. 
On the other hand, when the fiber is single-mode, the process can be challenging [27]. In 
addition, the current polishing processes were totally made by hand which can bring 
imperfections from the user. 
Currently, most of the optical equipment such as sources and detectors are based on 
silica fibers, therefore, when working with POFs it is sometimes necessary to create a 
splice between a silica fiber coming from an optical component, such as source or detector 
and the POF. Splicing these two dissimilar fibers is one of the main drawbacks when 
working with POFs. In fact, the splice joint needs to ensure the best mechanical stability 
and the lowest possible loss. The latter, is the key aspect, since polymer materials can 
impose a great amount of attenuation, even working at the low loss region of polymers. 
This chapter will be focused on the development of a technique capable to produce 
high quality POFs end face. For that, the two most popular techniques presented on 
literature, (i.e. the hot blade cleaving method and the connectorization process) will be 
explored. For that, the devices needed for each process will be developed and the results 
will be analysed. Based on the disadvantages pointed out by these techniques (i.e. time 
consumption process for the hot blade cleaving method and core misalignment for the 
connectorization process), it was decided to develop a new technique to terminate the 
POFs end face. The methodology is based on a dual step procedure, where the fibers are 
firstly cleaved by hand with a hot blade followed by a polishing procedure performed with 
a commercial device dedicated for end face termination of silica optical fiber connectors. 
The process is fast, reliable and semi-automatic avoiding human errors and offering 
unprecedented end face quality. The prepared POFs are well suited for applications 
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regarding free space coupling to other POFs or silica pigtail fibers, solving problems 
related with the concentricity of the core in POFs. 
The development of a low loss, simple, robust and stable connection between silica-
polymer fibers is extremely important for the future of the project and therefore efforts 
were developed to create a reliable connection. In that way, the butt coupling process 
through UV glue is demonstrated. 
Finally to prove the good quality of the POFs end face termination, and using the 
developed butt coupling axial alignment setup it was possible to determine the joint loss 
between a silica fiber and the prepared POFs. The near field pattern used to assist the 
coupling is also shown, revealing good coupling results into the core POFs. 
3.2 Cleaving Process 
Nowadays, the interest in POFs has led to the development of tools for their cleavage. 
These tools are essentially based on a razor blade that is pushed against the transversal 
section of a POF. As example of those devices, it can be found the POF cutter block and 
the hot knife (see Figure 3.2.1), where the latter has an heating system fixed to the blade, in 
order to soft the POF while it is being cleaved. 
 
Figure 3.2.1 Commercial available tools for cutting POFs. (a) POF cutter block, (b) hot knife. 
The presented tools are essentially suited to cleave solid POFs with diameters higher 
than 1 mm, providing POFs with poor quality end face due the lack of control on the three 
most important parameters, which are the temperature of the blade and plate where the 
fiber is laid down and the velocity in which the blade is pushed down against the POF. In 
fact, POFs can exhibit different mechanical properties depending on the fiber structure, 
materials employed and also due to the conditions imposed during the drawing process. 
Thus, the effect of the blade on the POF is extremely dependent of the mechanical 
properties of the fiber. Consequently, two different scenarios may result on the cleaving 
process at room temperature, depending if the POF material is brittle or ductile [23]. The 
(a) (b)
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main difference between them is related with the crack formation through the transversal 
axis of the fiber. Regarding a POF where the material exhibits brittle characteristics, one 
may find that the density of stresses at the contact between the edge of the blade and the 
POF material is much higher than the one found for a POF with ductile characteristics. 
Therefore, as the blade penetrates transversely into the POF a crack formation will always 
occur for a POF with brittle material due to the high density of stress at the edge of the 
blade. However, for a ductile material the density of stress at the edge of the blade is not 
sufficient to allow the crack formation and thus the blade will be always in contact with the 
POF material. The mechanical properties will be always one of the key aspects to take into 
account when cleaving a POF. Fortunately, one way to control this property is to work 
with temperature. By doing that, the phase transition from brittle to ductile of a POF 
material can be achieved at a specific temperature, depending on the polymer material 
present on the POF and on the drawing and thermal history of it. Nevertheless, the velocity 
in which the blade is pushed against the fiber needs also to be controlled, and for that, an 
optimization process regarding all the variables needs to be found. The demonstration of 
such aspects have already been explored in literature for POFs with different structures and 
materials, [22]–[24]. Recently Saez-Rodriguez et al. [181], has shown that a time-
temperature equivalence principle can be used to cleave a POF at room temperature by 
applying a sawing motion instead of chopping as performed by the hot blade cleaving 
methods. Despite the good results, the velocity in which the fiber is pulled down and the 
frequency in which the blade is working needs to be correctly identified for each fiber 
sample, since they can have different structures, or drawing and thermal history, leading to 
have POFs with different toughness. 
3.2.1 Automated Hot Blade Cleaving Process 
Regarding the need to produce POFs end face with high quality, necessary to have low 
insertion loss on the fibers coupling process, it was decided to develop an automated hot 
cleaving system capable to cleave POFs with different materials, diameters and structures 
(i.e. mPOF, SI-POF; GI-POF). For that, it was developed a POF cleaving machine similar 
to the ones presented in [23], [24]. The correspondent developed fiber cleaving machine 
can be seen in Figure 3.2.2. 
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Figure 3.2.2 Homemade, automated hot cleaving machine used to cleave POFs. Schematic (a) and 
photograph (b) of the setup. 
The cleaving machine is based on a direct current (DC) linear motor (MFA-CC), used 
to move the blade with a specific velocity against the POF. The blade has a “v” shape 
edge, with 200 μm thickness and 1000 μm height and it is fixed to a mechanical 
arrangement that gives support also for the thermoelectric cooler (TEC). The support is 
based on a brass material and the choice was due to the thermal and mechanical properties 
that this material can offer. Thus, the “hot” part of the TEC is connected to the support that 
works as a heat sink, allowing this part to remain at the ambient temperature. Identically, at 
the button, there is a similar brass support, where a v-groove is presented at the top of the 
support, which is used to fix the POF and also to give a 90º angle between the longitudinal 
axis of the POF and blade. The stage is also fixed to a mechanical linear stage, used to 
position the fiber in different locations, giving the ability to use one portion of the blade for 
each cleaving process. 
In order to test the fiber cleaving machine, two different PMMA based mPOFs were 
used, specifically the MM-150 with 150 µm, from Kiriama Pty., Ltd., and an HiBi-mPOF 
sample produced at UNICAMP with 500 µm. The thermal and drawing history of the 
POFs are unknown and thus, it is needed to test different velocities for the blade and a 
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range of temperatures for the plate and blade. From the tests it could be observed different 
problems arising from improper temperatures and blade velocities. Some of those problems 
can be seen in Figure 3.2.3, where it can be observed crack formation (Figure 3.2.3 (a)), 
core shift (Figure 3.2.3 (b)), and rough POF tip (Figure 3.2.3 (c) and (d)). 
 
Figure 3.2.3 (a), (b) Transversal, and (c), (d) top microscope images of a MM-150 ((a), (c)) and HiBi-
mPOF ((b), (d)). 
The proper cleaving parameters could only be accessed after several attempts. 
Therefore, the time needed to find the right parameters for each fiber structure can be 
challenging and thus impractical. However, it is still possible to achieve acceptable POF 
tips by the use of suitable parameters for each fiber sample, which can be seen on Table 
3.2.1. 
Table 3.2.1 Cleaving parameters 
POF Fiber Source Type 
Blade 
Vel. (mm/s) 
Blade 
Temp. (ºC) 
Plate 
Temp. (ºC) 
Heating 
duration (s) 
MM-150 Kiriama Pty., Ltd. mPOF 2 65 75 10 
HiBi-mPOF UNICAMP mPOF 2 70 80 10 
The correspondent POFs end face images can be seen on Figure 3.2.4. 
 
Figure 3.2.4 POFs end face images of a MM-mPOF (a), and an HiBi mPOF, prepared by the hot blade 
cleaving process using a blade velocity of 2 mm/s, blade temperature of 65ºC and 70ºC and plate 
temperature of 75ºC and 80ºC, respectively for the MM-mPOF and HiBi-mPOF. 
(a) (b) (c) (d) 
(a) (b) 
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3.3 Ferrule Connector Process 
Another popular POF end face termination, described in literature is the ferrule 
connector process. This process is known to provide high quality POFs end face, and it is 
based on the already developed silica fiber connectorization process In this method, 
ferrules of physical contact connectors (FC-PC), with a bore ferrule diameter matching the 
one of the POF to be used, is filled with a fiber connector epoxy. The fiber is then inserted 
in the bore ferrule and two hours are given to allow the epoxy to dry. The fiber is then 
cleaved with a hot blade and the polishing process is started. For that, different polishing 
films are used in descending order of grain size. 
Nowadays, the accessibility of POFs around the world, specifically mPOFs and SM-
POFs, can only be achieved at research labs in universities. The POFs diameter is then not 
standardized and several diameters may be found. Additionally, the fabrication process is 
still immature and the control of the POF diameter is still challenging [144]. In some types 
of fibers these diameters may fluctuate around 10 μm or even more. Therefore, whenever 
the fiber does not match the diameter of the bore ferrule, it is necessary to perform an 
etching of the POF to the diameter of the bore ferrule that will be used [27].  
In order to explore this technique, different PMMA based POFs were selected, 
specifically, five mPOFs and one SI-POF. Based on the POFs dimensions, the closest 
possible bore ferrule available on the market was selected. The correspondent POF 
specifications together with the ferrule bore diameter chosen is shown in Table 3.3.1. 
Table 3.3.1 POF specifications and matched bore ferrule diameter 
POF Fiber Source Type 
Clad 
D (μm) 
Etched 
Bore 
Diam. (µm) 
FM-250 Kiriama Pty Ltd. mPOF 250 No 250 
FM w/ Rh6G Kiriama Pty Ltd. mPOF 180 Yes 126 
G3-250 Kiriama Pty Ltd. mPOF 250 Yes 250 
MM-150 Kiriama Pty Ltd. mPOF 150 Yes 126 
SM-125 Kiriama Pty Ltd. mPOF 125 No 126 
SM-MORPOF03 Paradigm Optics, Inc. SI 125 No 126 
In order to insert the POFs into the selected bore ferrule diameter, some fibers need to 
be etched. This applies to the FM with RH6G and to the MM-150, since the fiber diameter 
is much higher than the bore ferrule diameter. However, due the deviations of the POFs 
diameter along its length it was impossible to insert the G3-250 mPOF into the 250 µm 
bore ferrule without performing a pre-etching. The etching was done using acetone and to 
2017 
Novel Techniques and Devices for Optical Communications and 
Sensing Technologies 
 
74  
 
estimate the time needed to achieve a specific POF dimension, the etching rate was 
monitored during time. The optical fiber overall diameter evolution for the MM-150 can be 
seen in Figure 3.3.1. 
 
Figure 3.3.1 Etching process performed in an mPOF (MM-150). 
The etching rate achieved for the MM-150 was 6.11 µm/min, and thus, to achieve the 
bore ferrule diameter (126 µm), it is necessary to wait less than 4 minutes. The time needs 
to be shorter than the one estimated, since the fiber needs to completely fill the bore ferrule 
without any gaps. This condition is important since the concentricity of the core will 
depend on how tight the POF is on the bore ferrule. To allow that, we perform a trial and 
error process until the POF completely enters into the bore ferrule. This process was also 
done for the FM w/ Rh6G and for the G3-250. 
The bore ferrules were filled with a fiber connector epoxy and the POFs were inserted 
into it and two hours were waited before the polishing procedure. The remaining of the 
POFs were then cleaved with an hot blade, where the temperature was set to 80ºC in order 
to produce a soft cleave without crack formation. For the polishing process, it is more 
convenient to use commercial available polishing machines, since they offer low operator 
skills, low processing time and high quality termination. Therefore, instead of performing 
an handmade polishing procedure as reported in [26], [27], it was used a fiber polishing 
machine (REV™ Connector Polisher, from Krell Technologies, Inc.) shown in Figure 
3.3.2. 
2.5 min 
10 min 0 min 
12.5 min 
5 min 
7.5 min 
15 min 
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Figure 3.3.2 (a) Connector polisher machine used for the polishing procedure. (b) Several POFs glued 
to different FC/PC connectors of different diameters. 
The polishing process takes two cycles with 15 seconds duration time. The first cycle 
is made with a 3 μm grain size (PF03.0S-P-2) polishing film and the second one with 
0.3 μm (PF00.XW-P-2). The grain sizes of the polishing films were chosen to first roughly 
scratch the POFs end face, removing imperfections from the hot blade process and the 
second one to give a smooth termination. To avoid small dust particles at the end face of 
the fiber, specifically for the mPOFs, water spray was spread onto the second polishing 
film, prior to the polishing step. The final result may be seen in Figure 3.3.3. 
 
Figure 3.3.3 Microscope images of the end face of the terminated POFs in FC/PC connectors. The “*” 
symbol is defining the regions where there is a gap between the bore ferrule and the POFs. (a) MM-
150; (b) FM-250; (c) G3-250; (d) FM w/ Rh6G; (e) SM-125; (f) SM-MORPOF03. 
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A closer analysis to the microscope images reveals different problems. Regarding 
Figure 3.3.3 (a), (c) and (d) it may be found that the resultant etching has produced a POF 
thinner than the bore ferrule. On what concerns Figure 3.3.3 (b), (e) and (f) it can be 
observed that the POF diameter does not match the bore ferrule diameter. In all the cases 
the core POFs is always out of the centre of the ferrule. For MM and FM POFs as the ones 
presented in Figure 3.3.3 (a), (b) and (c), the coupling losses between a SM fiber or a fiber 
with a similar core diameter to the prepared POFs may not be compromised due the large 
core diameter [182]. However, when the core diameter has few micros as presented by the 
SM-POFs, the core misalignment inside the bore ferrule will turn impractical connections 
between SM fibers. Finally, the polishing process has produced a great amount of small 
particles of dried glue. This has produced two side effects, which are the scratches across 
the end face POF, as shown in Figure 3.3.3 (b) and (c), and as also damaged the thin inner 
walls of the holes of the FM with Rh6G as shown in Figure 3.3.3 (d). 
3.4 Fiber Polishing Process 
Regarding what was described in the previous sections, the proposed fiber polishing 
process is the combination of both hot cleaving and the connector polishing processes. 
However, the techniques are manipulated in order to solve the drawbacks pointed by such 
techniques. Thus, the proposed technology will allow to have high quality POFs end face, 
low operator skills, no concentricity problems, low processing time, repeatability, among 
others. 
To test the methodology it was used three types of POF, specifically: mPOF, SI-POF 
and GI-POF. The fibers are composed of different material types, where the mPOFs, 
(except the SM-340 and the FM w/ Rh6G), are totally composed of PMMA. For the SM-
340 mPOF an outer polycarbonate (PC) layer covers the microstructured PMMA structure. 
In what concerns the FM w/ Rh6G, the PMMA material is doped with 
Rhodamine 6G (Rh6G). For the SI fibers the material is essentially PMMA, where the SM-
MORPOF03 has a core doped with 5% of PS, and the MM-MORPOF01 has a fluorinated 
cladding. The numerical aperture of the fibers are 0.07 and 0.5, for the SM-MORPOF03 
and MM-MORPOF01, respectively. For the GI-POF, the material that composes the inner 
part of the fiber is a perfluorinated polymer and the outer region is composed of PC. The 
detailed specifications of the fibers used in this work can be seen in Table 3.4.1. 
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Table 3.4.1 POF specifications 
POF Fiber Source Type 
Hole 
d (μm) 
Hole 
Layers 
Clad 
D (μm) 
Core 
Dc (μm) 
FM-250 Kiriama Pty Ltd. mPOF 3.2 6 250 18 
FM w/ Rh6G Kiriama Pty Ltd. mPOF - 4 180 11 
G3-250 Kiriama Pty Ltd. mPOF - 3 250 34 
MM-150 Kiriama Pty Ltd. mPOF 3.5 3 150 40 
SM-340 Kiriama Pty Ltd. mPOF 3.9 6 340 8 
SM-125 Kiriama Pty Ltd. mPOF 1.4 6 125 4 
GI-POF Chromis Fiberoptics, Inc. GI - - 500 50 
SM-MORPOF03 Paradigm Optics, Inc. SI - - 125 8 
MM-MORPOF01 Paradigm Optics, Inc. SI - - 250 240 
To begin the POFs end face preparation, a hot blade was used to first cleave the fiber, 
avoiding crack formation in the transversal and longitudinal directions, and allowing at the 
same time the formation of a flat surface. The cutting process was handmade with the 
fibers laid onto a piece of glass and cleaved transversally to the POF. The base was left at 
room temperature, while the blade temperature was set to cleave the fibers without melt or 
create cracks. That temperature was set to be below the melting point of PMMA and 
CYTOP
®
 materials (around 70 or 80 ºC). After the cleaving process, the POFs were 
analysed with an optical fiber scope (OFS300-200C) to check if any visible crack was 
formed. If so, the process is repeated with higher temperatures. After the cleaving process, 
the fibers were subjected to the polishing procedure.  
The bore ferrule was selected to cover different diameters ranging from 80 to 640 μm. 
After selecting the specific ferrule, that closely matches the POF being used, the cleaved 
POF is inserted in the ferrule bore and pulled down against the polishing machine film. 
The polishing process is then started following the steps mentioned in the previous section. 
3.4.1 End Face Quality Analysis 
The quality of the POFs end face was numerically analysed by the measurement of 
different variables present on the microscope fiber images. For that, different machine 
vision tools from a National Instruments
TM
 Vision Builder software were used. Those 
images were selected to contain all the structures as well as enough resolution for an 
accurate detection and measurement. 
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Figure 3.4.1 Optical microscope images of several POFs with different structures and sizes, for two 
different magnification lens (M), (M = 10 X for the upper images, and M = 20 X for the lower images). 
The letters are referred to: (a) mPOF FM-250; (b) mPOF FM with Rh6G; (c) mPOF G3-250; (d) 
mPOF MM-150; (e) mPOF SM-340, (f) mPOF SM-125; (g) GI-POF, (the GI-POF end face images only 
cover the fiber core); (h) SM-MORPOF03; (i) MM-MORPOF01, (the lower MM-MORPOF01 image 
only shows a small portion of the fiber (core-cladding-air)). 
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The selected variables were: the cladding diameter and it‟s ellipticity, defined as the 
ratio between the major and minor orthogonal diameters, where a value near the unit 
reveals a circular shape; the core diameter as well as the core ellipticity, in case of the SI-
POFs; the core shift, calculated through the difference between the centre of the cladding 
circular edge, and the mean centre of the hole structures for mPOFs as well as the centre of 
the core in case of the SI-POFs; finally the mPOFs mean holes diameter, together with its 
mean ellipticity. 
The results for the POFs end face preparation are shown in Figure 3.4.1. It can be seen 
that the POFs shape appears to be preserved, as well as the air holes in the case of mPOFs. 
It is also shown that the POFs end face appears with no cracks. 
After acquiring the POFs tip microscope images a precise and quantitative numerical 
investigation was performed. For that the automated machine vision tools were employed 
on the images and the correspondent structure parameters were collected. The POFs optical 
microscope images together with all vision machine tools used are shown on Figure 3.4.2. 
 
Figure 3.4.2 POFs optical microscope images after introduction of different vision tools for: (a) mPOF 
FM-250; (b) mPOF FM with Rh6G; (c) mPOF G3-250; (d) mPOF MM-150; (e) mPOF SM-340, (f) 
mPOF SM-125; (g) GI-POF; (h) SM-MORPOF03; (i) MM-MORPOF01. The magnification lens of the 
microscope images was: 5X for (g); 10X for (f) and (h); 20X for (a), (b), (c), (d), (e) and (i). 
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After proper fit of the vision tools, all the data was collected and it can be seen on 
Table 3.4.2. The values presented for the cladding, core and mean holes diameter are in 
accordance with the ones presented on Table 3.4.1. Although, there are small fluctuations 
between them which are related with the nowadays immature manufacturing process, that 
leads to have fluctuations on the fiber parameters through its length. In what concerns the 
values obtained for ellipticity of the cladding, core and holes in case of mPOFs, the values 
were all equal to one, excepting the holes for G3-250 fiber, where their shape is already 
defined to be elliptical. 
Table 3.4.2 POFs end face numerical analysis 
POF Fiber 
Clad 
D (μm) 
Clad 
Ellipt. 
Core 
Dc (μm) 
Core 
Ellipt. 
Core Shift 
(μm) 
Mean Holes 
d (μm) 
Mean Holes 
Ellipt. 
FM-250 249.5 1.0 19.9 - 0.5 3.3 1.0 
FM w/ Rh6G 190.8 1.0 11.3 - 0.4 5.7 1.0 
G3-250 289.3 1.0 28.6 - 1 19.8 &14.8 1.3 
MM-150 143.4 1.0 43.9 - 0.6 4.0 1.0 
SM-340 340.6 1.0 9.7 - 0.5 3.5 1.0 
SM-125 122.7 1.0 3.8 - 0.4 1.6 1.0 
GI-POF 491.8 1.0 63.9 1.0 1.1 - - 
SM-MORPOF03 134.4 1.0 8.3 1.0 1.3 - - 
MM-MORPOF01 254.4 1.0 239.7 1.0 0.6 - - 
For the core shift, the values were below 1 μm except for the SM-MORPOF03 and GI-
POF, which had in the worst case 1.3 μm. It should be noted that the results presented here 
may contain small deviations due the distortions of the acquired images as well as the 
inherent errors from the detection software. In the overall analysis it can be concluded that 
the results are of high quality. Additionally the core POFs are centred, which avoids 
constrains related with the core shift, associated with the hot blade cleaving method [24], 
(see Figure 3.2.3 (b)). This reveals that the first polishing procedure, removes a great 
amount of the POF terminal and inherently the defects associated with the initial hot blade 
cleaving process. 
3.5 Silica to Polymer Optical Fiber Connectorization 
In order to develop a stable and low loss joint splicing between silica-polymer fibers, 
it is mandatory the study of the current state of art used to splice silica fibers. Regarding 
that, the most known technique used to produce a permanent and stable connection is the 
fusion splicing. This involves heating the fiber ends that were previously cleaved, in order 
to fuse them. The process can be done through an electric arc discharge or through CO2 
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irradiation. In what concerns a silica to POF joint splice, these methods cannot be applied, 
since the silica glass transition temperature is 10 times higher than the one found for 
polymers. 
Another commonly spread technique used to make a permanent connection between 
two silica fibers is based on mechanical splices. In general, higher losses and greater 
reflectance than fusion splices may be observed. The technique relies on the use of a 
precision alignment mechanism where the fibers are inserted with some index matching oil 
or a transparent optical glue in between. The alignment is always related with the core 
concentricity and cladding diameter of the fibers. If one of the cores is not concentric the 
light coupling can be compromised. The same applies to the cladding diameter that needs 
to be the same for both fibers and also for the alignment device, in order to not 
compromise the light coupling between the fibers. For POFs, this cannot be applied by the 
reasons explained before such as poor core concentricity and large diameter variations 
along the fiber length, turning thus, this technique infeasible. 
In what concerns semi-permanent connections it may be found fiber connectors. These 
devices are largely used for an easy connection that needs to be released more often. There 
are a large amount of connector types and the preparation of such connectors was already 
explored with POF on this section. The results have shown that the concentricity was 
compromised by the POFs diameter and the quality end face was poor. Nevertheless, the 
coupling of POFs using fiber connectors have already been explored proving the 
statements written before [182]. However, it is still possible to find some publications 
reporting the use of fiber connectors in sensing applications [27], [183]. Again, it is a 
difficult technique to reproduce. Another semi-permanent way to couple light from one 
fiber to another is using free space optics. For that, a system of lens may be applied, having 
the possibility to insert other optical elements such as filters and isolators. The advantages 
are related with the high coupling efficiency, even for fibers with different mode field 
radius. Conversely, the system needs to be maintained in a stable configuration and away 
from dust. Additionally, the cost for a single connection and the need to maintain all the 
parts in laboratory makes this coupling process impractical for in field applications. Yet, 
there are works reporting this process to couple light from silica fibers into POFs [184]. 
However, similar as before, the cost for a single coupling is high, and the applications in 
field are always related with bulk alignment optics. Another wide spread semi-permanent 
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connection used to couple light from silica fibers to POFs is the butt coupling process. In 
this technique the fibers are axially aligned through its core and an index matching gel or 
an UV optical adhesive, with refractive index similar to the POF is used. Normally, when it 
is necessary a stable connection with this technique, the glue is cured with proper light. 
Additionally, to allow a better mechanical stability, the joint splice is sometimes protected 
with additional layers of glue [185], [186]. 
3.5.1 Coupling Losses 
Splicing fiber to fiber involves always dealing with loss. Consequently, it is necessary 
to know which parameters affect the splicing loss in order to keep it at a minimum level, 
necessary to allow enough quality transmission. Generally, the splicing defects can be 
summarized as longitudinal fiber separation, tilt between the fibers, transversal offset and 
spot size mismatch [187], [188]. The different splicing defects can be seen in Figure 3.5.1. 
 
Figure 3.5.1 General splicing defects. Fibers separated in longitudinal direction (a), tilted (b), or with 
offset (c), with respect to each other. Fibers with different core radius (d). 
For a SI fiber with a Gaussian beam, the mode field radius (w) can be calculated 
through [187], as: 
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Equation 3.5.1 
where for a mPOF, w is expressed through [189], as: 
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being A, B and C the fitting parameters which are 0.7078, 0.2997 and 0.0037 respectively. 
Following Equation 3.5.1 and Equation 3.5.2, it is possible to estimate the diverse splice 
losses. For that, the differences between the fibers to splice may consist of different 
refractive index distributions as well as different core diameters. When an optimum 
Gaussian field distribution with radius w1 and core radius a1, enters into the input plan of 
the second fiber with an optimum Gaussian field distribution with radius w2 and core 
radius a2, a mode matching will occur. The calculations for such Gaussian field mode 
matching are found in [188] and the following equations will only show the final result for 
each particular joint misalignment. 
Considering the case where there is longitudinal displacement DL (see Figure 
3.5.1 (a)), one can find the power transmission coefficient as: 
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Equation 3.5.3 
where Z defines the normalized fiber separation, expressed as: 
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Equation 3.5.4 
considering next the index of the medium where fibers are immersed and k the 
wavenumber. Regarding fibers tilted in relation to each other (see Figure 3.5.1 (b)), with an 
angle T , the power transmission coefficient is: 
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Equation 3.5.5 
For a transverse displacement (DT) between the fibers (see Figure 3.5.1 (c)), the power 
transmission coefficient is expressed as: 
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Equation 3.5.6 
If it is considered a perfect alignment splice, DL, T  and DT are equal to zero and thus, 
Equation 3.5.3, Equation 3.5.5 and Equation 3.5.6, will be expressed as: 
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Equation 3.5.7 
This specific case can be seen in Figure 3.5.1 (d), where the fibers are considered to have 
different core radius. The relation between the transmission coefficient and the ratio of the 
mode field radius (w1/w2) can be seen in Figure 3.5.2. 
 
Figure 3.5.2 Power transmission coefficient as function of w1/w2 for a perfect alignment splice. 
As can be seen the maximum transmission is achieved when the Gaussian mode 
field radius are similar. Note that the function is the same if T is expressed as function of 
w2/w1. In order to have a practical example, let‟s consider the coupling loss from a silica 
SMF-28e to different POFs at 1550 nm region. The fiber properties, together with its 
theoretical junction loss to a SMF-28e fiber can be seen in Table 3.5.1. 
Table 3.5.1 Fiber properties and junction loss to the SMF-28e at 1550 nm region 
Fiber Type Material a (µm) NA c.(nm) V w (µm) 
Junction 
Loss (dB) 
SMF-28e SI Silica 4.1 0.12 1305 1.99
*
 5.21† 0 
SM-MORPOF03 SI PMMA 4 0.07 750 1.14
*
 13.34
†
 3.38 
SM-MORPOF02 SI PMMA 1.57 0.27 1100 1.72
*
 2.32
†
 2.57 
SM-125 mPOF PMMA 2 0.22 None 2.60‡ 1.31§ 6.49 
SM-340 mPOF PMMA 4 0.22 None 5.24
‡ 
-
 
- 
                                                          
*
 Calculated using Equation 2.2.4 
†
 Calculated using Equation 3.5.1 
‡
 Calculated using Equation 2.2.8, considering SM-125 = 2.9 m and SM-340 = 6 m. 
§
 Calculated using Equation 3.5.2, considering g = 8, [189] 
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The NA values shown for the mPOFs were calculated taking into consideration the 
fundamental mode effective index for the core refractive index and the effective mode 
index of the first order mode propagating into the cladding region, for the cladding 
refractive index. For the SM-340, the V value was higher than the one estimated for single 
mode operation (V < π [88]) and thus, the relations needed to estimate the fiber junction 
loss cannot be applied. The theoretical junction loss (dB = 10log10(T)), shown on the Table 
3.5.1, revealed that higher losses are observed for the larger difference between the mode 
field radius, as expected. Thus, from the different fibers under analysis, the one having 
higher junction loss is the SM-125, where the mode mismatch is more significant. On the 
other hand, the losses reduces to zero when there is a perfectly mode matching, as the case 
presented for the coupling between similar fibers (i.e. SMF-28e to SMF28e). 
When the joint misalignments are taken into account, then the case becomes more 
complex. Thus, in order to observe the evolution of the power transmission coefficient 
with each particular joint misalignment, let‟s consider the simplest case, where the mode 
field radius are the same (w1 = w2 = w). Then, Equation 3.5.3, Equation 3.5.5 and Equation 
3.5.6, can be rewritten respectively as: 
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Equation 3.5.9 
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Equation 3.5.10 
To have a better visualization of the evolution of T with the different joint 
misalignments it was considered the coupling between two SI-POFs namely the SM-
MORPOF03. For that it was used one of the regions were PMMA present lower losses 
( = 850 nm), producing V = 2.07. Results concerning the evolution of T with fiber 
displacement, lateral offset, and tilt, can be seen in Figure 3.5.3, Figure 3.5.4 and Figure 
3.5.5 respectively. 
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Figure 3.5.3 Power transmission coefficient as function of the longitudinal offset, considering the joint 
in air and immersed in index matching oil. 
From Figure 3.5.3, it can be observed two different solutions, concerning the joint in 
air or immersed in index matching oil with refractive index of 1.485. For both cases, it is 
evident that the fiber displacement has low influence on T. Additionally, it can be observed 
that when the joint is in air, the transmission coefficient is reduced, when compared with 
the joint immersed in an index matching oil. 
 
Figure 3.5.4 Power transmission coefficient as function of the transversal offset. 
POF End Face Termination and Silica to POF Connectorization Chapter 3 
 
 87 
 
On what concerns Figure 3.5.4, it can be seen that T can drop drastically as the fiber 
transversal offset increases, where T can reach half of its transmission for a lateral 
misalignment of only 4 µm.  
 
Figure 3.5.5 Power transmission coefficient as function of the tilt between the fibers. 
Regarding Figure 3.5.5, it can be seen that the transmission between the fibers has 
high influence with the angle between the fibers, where an angle of only 1.77º, reduces the 
power transmission to half of its original value. 
The discussion presented here was only focused in each particular joint misalignment. 
For the general case were more than one joint misalignment is present, the equations 
shown before will become much more complex, and a detailed explanation of this may be 
found in [190]. 
3.5.2 Butt Coupling / UV Curing Process 
Due to the absence of a commercial device capable to splice a silica fiber to POF, it 
was decided to mount a system capable to provide axial alignment of the fibers and to 
provide real time inspection of the connectorization process in two orthogonal axes of the 
fibers. The system can be seen in Figure 3.5.6. 
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Figure 3.5.6 Setup used to provide axial alignment of silica fiber to POF. 
The system is composed of a 3D mechanical positioner, where at the orthogonal axis 
there are two cameras attached to a telecentric lens with 2 X magnification and 75 mm of 
working distance. The silica fiber is terminated with an FC/PC contact using a 
Fujikura CT-30 precision cleaver machine. On the other hand, some applications may 
require low return loss and for that the silica fiber may be terminated with an FC/APC 
contact, using an Ilsintech CI-08 cleaver machine. For the POF, the termination process is 
done through the polishing process described in section 3.4. After preparing the fibers end 
face, they are placed onto different v-grooves, where magnets are used to secure them. 
In most splicing systems, precise fiber alignment is usually done through the analysis 
of the position of the core and cladding of the fibers. However, when dealing with 
microstructured fibers, the overlap of the holes over the core area makes it difficult to 
identify the core through digital images. Additionally, the refractive index contrast in some 
POF makes it difficult to find the core. For that reason, the alignment of the fibers was 
done through the cladding. Furthermore, at the other end of the POF it is placed a 40 X 
magnification lens in front of a beam profiler (LBP2-VIS from Newport
®
). The alignment 
is thus double checked through the observation of core light guidance seen by the near 
field images provided by the beam profiler. Finally, a drop of an index matching gel or UV 
glue with refractive index similar to the POF, is carefully inserted between the fibers. After 
that, one of the fibers is moved longitudinally to almost touch the other fiber tip, allowing 
to improve the transmission loss as presented in Figure 3.5.3. For a permanent connection, 
3D mechanical positioners SMF to MM-POF coupling
Silica 
SMF-28
Telescopic 
cameras
POF
POF
Silica 
SMF-28
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the UV glue is cured through a low voltage halogen lamp. The complete joint process can 
be visualized in Figure 3.5.7. 
 
Figure 3.5.7 Steps needed for the silica (left) to POF (right) glue connectorization. (a) fiber 
approximation, (b) alignments, (c) glue insertion, (d) UV curing. 
In this work, it was explored the four most popular UV curing glues. This was done in 
order to explore the one that best meets our demands. Thus, UV glues from 
Norland
®
 [185], [191] and Henkel
®
 [186], [192], were used. The glue characteristics are 
shown on Table 3.5.2. 
Table 3.5.2 Glue characteristics 
Company & 
glue reference 
Refractive 
index @ 
589 nm 
(cured) 
Tensile 
strength 
(MPa) 
Viscosity @ 
25ºC (cps) 
Temperature 
range (ºC) 
Recommended 
use 
Norland
®
 
NOA 68 [193] 
1.54 17.2 5000 -80 to 90 
Ideal for PC 
and PMMA 
Norland
®
 
NOA 78 [193] 
1.50 4.5 
8000 - 
11000 
-20 to 60 
Ideal to bond 
plastic to glass 
Norland
®
 
NOA 86H 
[193] 
1.55 54.0 200 - 300 -125 to 125 
Good adhesion, 
solvent 
resistance 
Henkel
®
 
LoctiteAA-
3525 [194] 
1.51 24.1 15000 -54 to 149 
High curing 
speed; 
durability to 
moisture 
(a) (b)
(c) (d)
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The glues presented in Table 3.5.2 have different parameters that need a closer 
analysis depending on the polymer material present on the POF. One particular important 
parameter is the refractive index. In fact, the cured glue needs to offer a refractive index 
that closely matches the one of the POF material at a specific wavelength (see Figure 
3.5.3). This will allow to have a smooth light transition from one medium to another, 
avoiding the formation of Fabry-Perot cavities and reducing  the back reflections at the 
POF terminal and consequently the insertion loss [195]. In that way, it is necessary to 
know the refractive index dependence of the POF material and cured glue with 
wavelength, in order to correctly choose the glue that satisfies our refractive index 
requirement.  
Another property to take into consideration when comparing the different glues is the 
mechanical strength that they can offer. Thus, from Table 3.5.2, it is obvious that the UV 
glue that meets our demands is the NOA 86H and the LoctiteAA-3525. In fact this was 
clearly observable when removing the splice joint out from the axial alignment setup, 
where the light transmission was almost always lost when using NOA 68 and 78, even 
when depositing several layers of UV glue. On the other hand, NOA 86H and LoctiteAA-
3525 only provide enough mechanical resistance when several layers of glue were 
deposited. Even with the hardest glue, the splice joint is always the most critical part, thus 
in order to allow mechanical stability of the silica to POF joint, a plastic pipe with an inner 
hole of 0.5 mm (see Figure 3.5.8), is placed at the joint connection and filled with 5 minute 
epoxy glue (G14250 from Thorlabs
®
). It is waited enough time to allow the glue to dry and 
after that, the silica to POF fiber splice is ready to be used in field, without concerns 
related with mechanical stability. 
Another relevant parameter presented in Table 3.5.2 is the viscosity of the glue. This is 
particularly important when working with mPOFs, where the glue can infiltrate into the 
holes if the viscosity is too low. In consequence, the guiding properties of the fiber where 
the glue was infiltrated may be compromised, leading to have higher losses at the splice 
joint. Therefore, the glues that have a higher viscosity such as the NOA 78 and the 
LoctiteAA-3525 are expected to solve the glue infiltration through the holes, since they are 
less prone to the capillary action. For other POF structures than mPOFs the viscosity is not 
a concern and any of the glues shown in Table 3.5.2 may be used. 
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Figure 3.5.8 POF spliced to a silica pigtail fiber. The splice joint is reinforced with a hollow pipe filled 
with epoxy glue. 
For the operation temperature one can find that the glue that offers a higher 
temperature range is the NOA 86H and the LoctiteAA-3525, and thus they are the 
preferred choice for high operation temperature sensors. 
Regarding the glue LoctiteAA-3525 it is possible to find some additional features that 
other glues on the market do not offer. Those features are: the fast curing process, 
durability to moisture and chemical resistance to most alcohols. These special features, 
together with the advantages presented over other UV glues makes this a perfect candidate 
for a permanent joint splice, thus, henceforward, it will be used for permanent connections 
between POF and silica fibers. 
3.5.3 Splice Loss Measurements 
In order to measure the splice losses between the fibers prepared in section 3.4, the 
experimental setup shown in the previous section was used. The splice loss measurements 
were done using short pieces of POFs. The method was based on single ended 
measurement, with a laser source operating at 850 nm, a reference pigtail silica fiber and 
an optical power meter. The reference power was measured with the pigtail silica fiber, 
where the FC/APC connector was coupled to the source, and the end terminal of the pigtail 
was cleaved at 90º and inserted into a 125 μm FC/PC bare fiber adaptor, following the 
attachment to the power meter. After measuring the reference power, the short pieces of 
POFs were butt coupled to the silica pigtail fiber, where index matching oil [196] was 
POF 
Silica-Pigtail 
Plastic pipe 
(Silica to POF connection) 
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used. The video cameras were used to help the alignment and to control the distance 
between the two fibers. At the same time the near field pattern of the POFs end face was 
collected by the laser beam profiler. The process was seen in real time, to precisely align 
the beam into the POF core. Finally, the POF terminal is inserted in a ferrule bore with 
suited dimensions for each POF and connected to the power meter. The splice loss (SL) 
was calculated taking into account the reference power (RP), the measured total loss (TL), 
the length of the POF (L), and the known fiber loss (FL), following the equation: 
SL = RP – TL – (L * FL). The entire process can be seen on Figure 3.5.9. 
 
Figure 3.5.9 Steps used for the splice loss measurement between an FC/PC silica pigtail fiber and the 
prepared POF terminal. 
The near field images collected prior to the splice loss measurements are shown in 
Figure 3.5.10. From that figure it can be seen that the light injected from the silica pigtail 
fiber into the POFs can be strongly coupled to the core (see Figure 3.5.10 (right)), 
revealing the integrity of the core modes shape. 
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Figure 3.5.10 POFs near field images, before (left) and after (right) the free space coupling to a pigtail 
silica fiber. The letters are referred to: (a) mPOF FM-250; (b) mPOF FM with Rh6G; (c) mPOF G3-
250; (d) mPOF MM-150; (e) mPOF SM-340, (f) mPOF SM-125; (g) GI-POF (due the large diameter of 
this POF, only the inner part is shown); (h) SI SM-MORPOF03; (i) SI MM-MORPOF01. 
Table 3.5.3 shows the measured splice losses when the prepared polished fibers are 
butt coupled to a silica pigtail fiber. 
Table 3.5.3 Splice loss measurements @ 850 nm 
POFs L (cm) 
Silica - POF 
core (μm) 
Loss 
(dB/m) 
Total  
loss (dB) 
Joint 
loss (dB) 
FM-250 30 9 18 2 1.90 1.30 
FM w/ Rh6G 40 9 11 3 2.04 0.84 
G3-250 15 9 34 1,5 1.86 1.64 
MM-150 38 9 40 2 6.00 < 5.40 
MM-150 38 50 40 2 9.40 < 8.64 
SM-340 13 9 8 2.5 2.30 1.98 
SM-125 20 9 4 6 7.50 6.30 
GI-POF 28 50 50 0.06 0.15 0.13 
SM-MORPOF03 10 9 8 - 6.50 < 6.50 
MM-MORPOF01 33 50 240 3.5 1.62 0.47 
The measured values for the splice loss are different for each fiber type. The main 
reason is related with the difference between the core size of the pigtail silica fibers (9 or 
50 μm), related to the POFs core. Results show that the splice loss is higher when the silica 
core fiber is greater than the POF one, as predicted. Thus, the coupling of the SM-125 
mPOF reached the highest splice loss, because the mode field mismatch is higher. The 
result was also similar to the one predicted theoretically for the 1550 nm (see Table 3.5.1). 
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The same reason is pointed to the SM-340 fiber, but as the core diameter mismatch is 
smaller, the splice loss is also smaller. On the other way, when the silica fiber has a lower 
core diameter than POF, the splice loss obtained is lower (e.g. for the couplings made with 
FM-250, FM w/ Rh6G, G3-250 and MM-MORPOF01). 
In what concerns the MM-150 fiber, we made two tests with different pigtail silica 
core sizes (9 and 50 μm). As predicted, the higher loss values were obtained when the 
silica core was higher than the POF. Comparing the values, it can be noted that there are 
almost 4 dB difference between the two couplings made, which in some way compromises 
the connection from the 50 μm core silica fiber to the 40 μm POF core. Additionally the 
higher splice loss values attained for this POF, have inherently loss contributions from the 
weak mode distribution around the MM mPOF core, as seen in Figure 3.5.10 (d) (right)). 
This weak mode distribution is related with the short length of mPOF used (only 38 cm), 
which imposes additional losses. 
The splice loss obtained for the GI-POF, was the best one, achieving 0.13 dB. This 
value reflects in part the perfect core matching, but also the perfect smooth end face 
provided by the polishing process. For the SM-MORPOF03, the total loss is indeed high, 
and without knowing the manufacture fiber loss, we can say that part of that high loss is 
due to the doped materials present in the POF, as well as the smaller fiber core (8 μm), 
related to the silica pigtail (9 μm). 
Nevertheless, it should be noted that the values presented here for the splice loss of the 
different polished POFs, are inherently subjected to the free space coupling made, meaning 
that the silica fiber to POF coupling may have some angular misalignments between them, 
as well as refractive index mismatching. 
3.6 Summary 
The two most used techniques for the POFs end face preparation were analyzed. 
Satisfactory results were obtained, but drawbacks related with the time needed to find the 
right parameters for the hot blade cleaving process, and the poor surface quality and core 
misalignment presented by the ferrule connector process, led to the development of a new 
semi-automated technique. The process was based on a handmade cleaving process 
followed by a polishing one in a commercial fiber optic polishing machine. The process 
revealed unprecedented results when compared with other techniques. The POFs cross 
sections were of high and the outer shape and the microstructure (when present) was 
POF End Face Termination and Silica to POF Connectorization Chapter 3 
 
 95 
 
preserved. Problems associated with crack formation or core-shift presented by the hot 
cleaving method were easily solved by this process. The time consumption for the entire 
process, including cleaving and polishing, takes about one minute. This is a significant 
improvement considering the current state-of-art. The technique works for different POF 
diameters, even for thin fibers (i.e. 125 μm) and it is partially automated, avoiding 
imperfections from the technician, making the process easy and repeatable. 
The theoretical concepts about the different splice loss mechanisms were introduced 
and a theoretical splice loss between a SM silica fiber and the different POFs used in this 
work was analyzed. Furthermore, in order to splice a silica fiber to POF an experimental 
setup was created. Therefore, the UV curing process through the use of different UV glues, 
as well as the butt coupling through the use of index matching gel, were under study. For 
that, the near field images of the prepared POFs was used to ensure the light propagation 
into the core POF. Additionally, the splice loss was measured providing good coupling 
capabilities. 
The ability to obtain POFs end face with high quality, as those presented in this 
chapter, will result in better performances in POF based systems. For that reason, this 
technique will be used in the proceeding chapters. 
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Chapter 4 
4. Polymer Fiber Bragg Grating 
Fabrication 
4.1 Introduction (Grating Theory) 
Fiber Bragg grating (FBG) is a periodic modulation of the refractive index along the 
length of an optical fiber, produced through the exposure of the fiber core to an intense 
optical interference pattern. The periodic structure in a FBGs acts like a selective mirror 
for the wavelength that satisfies the Bragg condition expressed as: 
  effBragg n2  Equation 4.1.1 
where  is the grating period, and neff the effective refractive index of the guided mode. 
The first inscription of a permanent grating in an optical fiber was demonstrated by Hill et 
al. in 1978 [28], by launching an intense Argon-ion laser into an optical fiber doped with 
germania, forming a standing-wave pattern that resulted in periodic refractive index 
modification of the core optical fiber. Since then, the interest in these grating structures has 
increased and the development of different inscription techniques has been reported. 
Nowadays, FBGs are commercially available and have become important in technologies 
such as communications and sensors. 
In 1999, eight years after the first demonstration of the SM behaviour in POFs [14], 
the group of Gang-Ding Peng and Pak L. Chu, motivated by the high elongation 
capabilities offered by polymers, reported the inscription of a polymer optical fiber Bragg 
gratings (POFBG) in SI fibers, either MM [43] and SM [13], at the infrared region, using a 
325 nm UV radiation. The high tuning capabilities of such gratings were explored later, 
showing a wavelength shift of about 70 nm for an almost 5 % increasing strain [45]. In 
2005, four years after the production of the first mPOF [17], the group of David J. Webb 
reported the inscription of Bragg gratings at the infrared region in mPOFs, either SM and 
MM [35], using the same wavelength radiation. POFBGs have been essentially written in 
PMMA fibers due the high availability of this polymer. Nevertheless, POFBGs in other 
polymers such as TOPAS
®
 [197], PC [108] and also CYTOP
®
 [42], [198] have also been 
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reported. Despite the high attenuation of POFs at the infrared region, most of the POFBGs 
have been reported in this spectral window. The reason is mainly due to the availability of 
sources and detectors already developed for the widely used silica fiber, which has low 
loss at this spectral region. Nevertheless, the inscription of POFBGs has already been 
demonstrated in different wavelengths, including the visible region [36], [37]. The writing 
methodology has fundamentally been done through the phase mask technique [35], [37], 
[38], due the easy implementation of the recording setup. On the other hand, other 
inscription methods, such as the combination of the phase mask and ring 
interferometry [13], [39], [40], and the point-by-point and line-by-line through a 
femtosecond laser [41], [42], have also been employed. 
4.1.1 Photosensitivity 
Photosensitivity is the term used in the context of writing waveguides or Bragg 
gratings in optical materials and it describes the induced change in the material optical 
properties upon irradiation. 
The description of photosensitivity in the most known polymer (PMMA), can be 
traced back to the early 1970s, well before the discovery of photosensitivity in silica fibers. 
These works were done at the Bell Laboratories using a 325 nm radiation, being this, the 
most preferred UV source until the current days. Tomlinson et al. [29] was pioneered in 
one of those works, where thin PMMA slabs were exposed to a 325 nm HeCd laser, 
showing a significant increase in refractive index (3 x 10
-3
). The capability to produce 
holographic gratings by a two beam interference process was also demonstrated, achieving 
efficiencies as large as 70 % with resolutions of ~5000 lines/mm. In this work, they 
assumed that the increasing refractive index was due to the crosslinking through the 
oxidation products of the monomer, which draw the chains closer together leading to an 
increase in density, and hence increasing the refractive index. However, four years later 
Bowden et al. [30], found no evidence for this description, leading them to conclude that 
the mechanism involved on the refractive index increase in the irradiated region was due to 
the photoinduced polymerization of the residual monomers that did not react on the fiber 
polymerization process (1-2 %), resulting in an increase of molecular density. The density 
change is the result of the bonding between the monomer molecules, leading to shorter 
inter-molecular distances, which promotes densification and hence, refractive index 
increase. By judging the previous conclusions, one may think in using polymer materials 
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with a high rate of unreacted monomers, in order to increase the refractive index change 
upon irradiation. However, such excess monomers will tend to polymerize over time, 
leading to the formation of gases and inherently bubbles in the polymer material, causing 
scattering of light and thus raising the attenuation of the material. 
In 1984 a work developed by Kopietz and co-workers [199], reported the irradiation of 
PMMA with a low-pressure mercury lamp, and observed a decrease of PMMA refractive 
index in a first stage of illumination, followed by an increase until saturation. The process 
was explained as an increase of the presence of new monomers under UV radiation, 
followed by a second stage where a photo-polymerisation of those monomers prevails until 
the saturation of the refractive index is achieved. However, the authors did not explain the 
chemical reactions involved in the process. In 1990 [200] and 1993 [201], it was 
demonstrated that photodegradation occurs at wavelengths below 320 nm, leading to the 
formation of free radicals and monomers. In such work, the authors conclude that under 
320 nm wavelength radiation, the primary photochemical reaction was the direct main 
chain scission of the polymer (see Figure 4.1.1), forming radicals and monomers. The 
results were similar with the samples irradiated in air and vacuum. However, for 
wavelengths below than 320 nm, they observe the formation of other radicals, concluding 
that ester main chain scission took place, with possible side reactions (A) and (B) when the 
samples were irradiated in vacuum, and (C), when the samples were irradiated in air (see 
Figure 4.1.1). 
Another important factor that is well known to increases the photodegradation in 
PMMA material is the tensile and shear stress present in the polymer material [202]. The 
mechanisms behind the refractive index change in PMMA are still under study, and 
recently, Sáez-Rodríguez et al. [203], based on the past research, assumed that PMMA 
fibers kept under stress and irradiated with a 325 nm UV radiation, passes through the 
photodegradation process, generating monomers and free radicals, that are later used as 
initiators in the polymerization process. 
The irradiation of PMMA under other wavelengths was also subject of study by the 
scientific community. Küper and Stuke [33], performed infrared and UV spectroscopic 
measurements of PMMA films irradiated with 248 nm UV radiation. Results allowed the 
explanation of an incubation process for fluences that were well below the reported for the 
PMMA ablation threshold [204]. 
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Figure 4.1.1 Types of photodegradation process. Reaction II has three possible side reactions, being (C) 
only formed when oxygen is present, (adapted from [201]). 
Using low repetition rates (R < 6 Hz) and low fluences (I = 35-40 mJ/cm
2
), the UV 
and infrared spectra presented new absorptions bands (ester bands), concluding that there 
was formation of photoproducts in the exposed areas, including methyl formate. These 
results were confirmed by a subsequent study done by Srinivasan et al. [34]. 
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Baker et al. [31], in a study based on the work done by Küper and Stuke, showed a 
small but significant change in the refractive index of a PMMA film using a Krypton 
Fluoride (KrF) laser irradiation together with low repetition rates and also low fluences 
(R < 5 Hz and I = 40 mJ/cm
2
), in order to minimize the ablative removal of PMMA. The 
refractive index change (ndc), increased with the increasing number of pulses presenting a 
value of 10
−2
 after 2000 pulses [31]. Another interesting detailed work regarding the 
refractive index modification with 248 nm laser light at low fluences (I = 17 mJ/cm
2
 with 
R = 5 Hz) was presented by Wochnowski et al. [32]. In this work, it was concluded that the 
refractive index change was due to a Norrish Type I photochemical reaction. This means 
that a complete separation of the side chain from the PMMA molecule take place, 
promoting a volume contraction by the Van der Waals interactions and consequently 
increase of the refractive index change [32]. Continuous irradiation at a fluence of 
30 mJ/cm
2
 or higher, revealed a degradation of the free ester radical, either into methane 
and carbon monoxide or into carbon monoxide and methanol. The complete separation of 
the side chain of PMMA causes the formation of a radical electron at the -C-atom. This 
implies destabilization of the polymer main chain leading to its scission at high irradiation 
doses and double bonding formation, which they explain for the refractive index decrease 
in the polymer sample at higher doses [32]. 
A different point of view for refractive index modification of PMMA was reported by 
JianMing Yu et al. [205] using a process called photo-isomerisation. Polymers doped with 
isomers can present different refractive index depending on the state of the isomer, which 
in turn depends on the UV radiation. In the JianMing Yu et al. work, the isomer trans-4-
stilbenemethanol was used as a dopant in the core of a PMMA fiber. The irradiation of the 
fiber with a wavelength of 325 nm initiates the isomerization, leading to a refractive index 
decrease [205]. 
The use of femtosecond laser has also been explored for refractive index modification 
of PMMA [206], [207]. When a high intensity femtosecond laser is focused in a PMMA 
slab, a multiphoton absorption process occurs. The mechanisms behind the photosensitivity 
were reported as local melting which creates density changes in the irradiated zones. 
Additionally, Baum et al. [208], suggest that photochemical modification involving direct 
cleavage of the polymer backbone promoting the formation of monomers and leading to a 
refractive index change of 4 x 10
-3
 in the irradiated area. 
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4.1.2 Grating Types 
In literature, fiber Bragg gratings written in silica optical fibers can be classified 
according to their similarity in growth mechanism. The most basic types of grating 
associated with UV inscription are the type I and type II gratings. For the previous, they 
are referred as the ones where the refractive index modulation occurs below the damage 
threshold, where for type II gratings the refractive index changes occur above the damage 
threshold. These two types of gratings can also be grouped in a variety of sub-classes that 
are identified according to the writing conditions and properties of the gratings [118]. Due 
to the similarities between the gratings formed in silica fibers and polymer fibers, Liu et 
al. [39] adopted the same nomenclature to a grating formed in a SM-POF. Even though, the 
mechanisms behind refractive index change can be very different [39]. Regarding those 
observations, these two types of gratings will be summarized in the nest paragraph. 
Type I gratings are the most common gratings found in literature, and they have a 
particularity of showing a reflection spectrum with negligible light lost to the cladding 
modes or by absorption. The index modulation attained in this type of gratings is lower 
than 10
-4
, due the low energy (E) deposited by each pulse. On the other hand, above a 
determinate threshold of exposure, the index modulation increases dramatically and 
becomes saturated. These type of gratings are referred as type II gratings and they were 
first demonstrated by Archambault [209], which showed the possibility to write Bragg 
gratings higher than 99.8 % reflectance with a single pulse of high energy. In this type of 
gratings the index modulation can achieve values as high as 10
-2
 [209]. Despite the 
opportunities of implementing an in-line grating fabrication process as the fiber is drawn 
from a preform, which promotes the fabrication of low-cost devices due the single shoot 
nature, these gratings have not been receiving so much attention in the telecommunication 
domain, due the poor transmission spectrum, which comprises high bandwidth and lose of 
light at the blue region of the Bragg wavelength [118], [209]. On the other hand, they have 
been important in applications regarding higher stability at higher temperatures [118], 
[209]. Additionally, microscopic examination of type II gratings show the presence of a 
periodic damage track (micro-fractures) within the vicinity of the grating and for that 
reason these gratings are also known as damage gratings [118], [209]. 
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4.1.3 Properties of Uniform Bragg gratings 
In the simplest case, when an optical fiber is exposed to a periodic pattern of 
ultraviolet radiation, a sinusoidal refractive index variation over a defined length (LBragg), 
with a constant period (), is formed, as illustrated in Figure 4.1.2. The perturbation of the 
effective refractive index (neff) can be described as [210]: 
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Equation 4.1.2 
where z is the position, n0 the refractive index prior to the grating inscription, nac the 
refractive index modulation amplitude, ndc, the average change in refractive index 
and(z) the phase variation along z, (see Figure 4.1.2). The refractive index modulation 
amplitude remains sinusoidal until the exposed region reaches the saturation. At this point, 
the modulation starts to change from sinusoidal to rectangular. 
 
Figure 4.1.2 Refractive index modulation of a fiber Bragg grating. ∆ndc is the average grating index, 
∆nac is the grating index amplitude. 
Fiber Bragg gratings are simply an optical diffraction grating, and thus, its effect upon 
a light wave incident on the grating at an angle 1 can be described by the familiar grating 
equation: 
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Equation 4.1.3 
where 2 is the angle of the diffracted wave and the integer m defines the diffraction order 
(see Figure 4.1.3). 
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Figure 4.1.3 Ray optics illustration of the coupling of the propagating core mode to the 
counterpropagating core mode (a) and to the copropagating cladding mode (b), (adapted from [210]). 
Bragg gratings can be classified in two main groups, respectively, the ones belonging to 
the short period, where the coupling occurs between modes travelling in opposite 
directions, and the ones where the coupling occurs between modes travelling in the same 
direction, referred as long period gratings. For the first case, which can be seen in Figure 
4.1.3 (a), the mode propagating with a bounce angle 1 is reflected into the same mode in 
the opposite direction with an angle (2 = 1). Using the mode propagation constant 
defined as  = neff 2/, where the effective refractive index is defined as neff = nco sin(), 
Equation 4.1.3 can be rewritten as: 
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Equation 4.1.4 
where positive values of 2 are obtained when the coupled mode is forward, and negative 
values of  when it is backward. If the first order mode m = −1 is dominant, and 
recognizing (2 < 0), there is a coupling between the fundamental forward mode neff,1 and a 
backward mode neff,2 which is defined following Equation 4.1.4 as: 
  )( 2,1, effeff nn  Equation 4.1.5 
if the two modes are identical, then the familiar result for Bragg reflection is 
obtained  = 2neff. As an example, using the effective refractive index found in Figure 
2.2.4 (neff = 1.4631), for a PMMA based mPOF (SM-125), operating at 1550 nm, the 
calculated period is 529.7 nm. 
Regarding the case shown in Figure 4.1.3 (b), the core mode propagating with bounce 
angle 1 is coupled to a copropagating cladding mode, with a bounce angle 2. Since 
2 > 0, the resonance wavelength for a long period grating, following Equation 4.1.4 is: 
  )-( 2,1, effeff nn  Equation 4.1.6 
m = 0 m = -1 
1 
2 
(a) 
m = 0 
m = -1 
1 
2 
(b) 
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For copropagating coupling at a given wavelength, evidently a much longer grating period 
is required than for counterpropagating coupling. Again, taking the example found in 
Figure 2.2.4 for the wavelength of 1550 nm (neff,1 = 1.4631 and neff,2 = 1.4463), one can 
find a grating period of approximately 91 m 
Coupled mode theory is a good tool to obtain quantitative information about the 
diffraction efficiency and spectral response of fiber Bragg gratings [210]. Therefore, the 
reflectivity of a grating with a refractive index as expressed in Equation 4.1.2 and 
considering a uniform ∆nac and ∆ndc, can be expressed as [210]: 
 )(tanh
2
BraggLR   
Equation 4.1.7 
where  is the wavelength coupling coefficient defined as: 
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Equation 4.1.8 
Considering the grating index changes ∆ndc and the grating index amplitude ∆nac shown in 
Figure 4.1.2, they can be calculated from the measured spectra using the following 
relations: 
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Equation 4.1.9 
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Equation 4.1.10 
where neff = n0 + ndc, and Bragg is the wavelength shift as the grating grows. The 
theoretical grating bandwidth can also be deduced from the coupling mode theory and it is 
defined as the wavelength range between the first zeros apart from the Bragg peak and is 
given by [210]: 
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Equation 4.1.11 
Considering the “weak-grating limit” for which ∆nac is very small, the above expression 
can be written as: 
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2017 
Novel Techniques and Devices for Optical Communications and 
Sensing Technologies 
 
106  
 
where N is the total number of grating periods defined as LBragg/. On the other hand, for 
the “strong-grating limit” the expression becomes: 
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Equation 4.1.13 
4.1.4 Fabrication Techniques 
Since the demonstration of the inscription of a Bragg grating in an optical fiber by Hill 
et al. in 1978 [28], different inscription techniques have been developed and are now 
widely employed. These techniques are capable to offer Bragg reflection wavelengths 
different from the writing wavelength, as it opposed to the Hill gratings. They are mostly 
based on the side exposure of a UV pattern to a short length of an optical fiber. In general, 
the side exposure techniques may be split in two general categories: the ones based on 
holographic methods and those that are non-interferometric, based on a simple periodic 
exposure of the fiber. 
4.1.4.1 Amplitude-Splitting Method 
The interferometer method for side inscription of FBGs was first demonstrated by 
Meltz et al. in 1989 [211]. In an interferometric process a collimated laser beam is first 
split and then recombined at a selected angle. This angle is designated to give the desired 
frequency of interference fringes in the target were the two beams overlap. The split of the 
beam is performed by a beam splitter, the resulting beams are directed to mirrors which 
reflect the beams with the desired angle, in such a way that they interfere in a point where 
the sample/fiber is mounted [118]. The schematic of the technique can be seen in Figure 
4.1.4, for the inscription of a Bragg grating in an optical fiber. 
The periodicity of the interference pattern on the optical fiber leads to the formation of 
a Bragg reflection wavelength expressed as [212]: 
 







2
sin



UV
UVeff
Bragg
n
n
 
Equation 4.1.14 
where, neff is the effective mode index in the fiber, nUV is the refractive index of the 
material in the ultraviolet, UV is the wavelength of the writing radiation and  is the 
mutual angle of the ultraviolet beams. From this equation, assuming that nUV ~ neff, it is 
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easy to understand that the Bragg wavelength can be adjusted from the one close to the 
inscription wavelength until infinity when  = 0. 
 
Figure 4.1.4 (a) Schematic of a two beam interferometric arrangement used to write a uniform period 
grating; (b) inset of the two beam interference on the optical fiber, (adapted from [118]). 
The construction of an interferometer as shown in Figure 4.1.4 requires a sturdy base 
and stable optical mounts. Due the versatility of the technique, it is ideal for writing short 
gratings. As drawbacks, this technique is problematic regarding mechanical stability for 
long inscription time. Consequently, it is most suited for single-pulse writing. Additionally, 
the path of the light beams in air should be short, shielding also the entire setup from 
turbulence is also necessary, since the interference fringes formed at the fiber can drift if 
the paths of the two beams change during the inscription time (e.g. air flow). The 
production of the same interference pattern, each time the system is reconfigured is also 
problematic. Nevertheless, for the use of low coherence sources the path difference 
between the two interfering beams must be equalized, thus, the introduction of an 
additional phase plate in one arm is generally used. 
4.1.4.2 Phase Mask Method 
The use of a phase mask to produce a fiber Bragg grating was firstly demonstrated in 
1993 [213]. Nowadays, it is widely used due the repeatability, simple integration, easy 
alignment, and relaxation of the temporal and spatial coherence requirements of the writing 
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source. The phase mask is a relief grating etched in a fused silica plate, that can be 
fabricated using e-beam process, holographically or by femtosecond irradiation. In the 
phase mask inscription method, the UV beam is passed through the phase mask which 
diffracts the beam into several orders, m = 0, ±1, ±2…. The incident and diffracted orders 
satisfy the general diffraction equation, with the period pm of the phase mask expressed 
as [212]: 
  im
UV
pm
m



sin-
2
sin 






 
Equation 4.1.15 
where m/2 is the angle of the diffracted order, UV the wavelength, and i the angle of the 
incident UV beam. At normal incidence (i.e. (i = 0), when the beam is perpendicular to 
the phase mask), the UV radiation is split into m = 0 and ±1 orders, and the interference of 
these two orders produces a sinusoidal intensity pattern that is used to modulate the 
refractive index of the fiber immediately behind the phase mask. The schematic of the 
phase mask inscription can be seen in Figure 4.1.5. 
 
Figure 4.1.5 Schematic of the fiber Bragg grating fabrication using the phase mask technique, through 
the ±1 orders. 
The interference pattern of the ±1 orders brought together by parallel mirrors (as shown in 
Figure 4.1.4), has a period  related to the diffraction angle m/2 by: 
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where the period in the fiber core required for the Bragg wavelength defines the period of 
the grating etched on the phase mask, and using Equation 4.1.16, gives: 
 1≥     ,
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N pm
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Equation 4.1.17 
being N the integer indicating the order of the grating. Phase masks are designed to equally 
maximize the power in the ±1 diffraction orders (~ 40 %) and minimize the power in the 
zeroth diffraction order (~ 3 %). For the last, this can be simply done by adjusting the 
etched depth in the phase mask. 
As advantages of the phase mask method when compared with other methods, are that 
the grating period is independent of the UV wavelength, therefore different UV sources 
can be used. Additionally the grating period is independent of the exposure angle of 
incidence, requiring less accuracy in the alignment of the UV beam. The coherence of the 
UV source is less critical than the required in the two beam interference method. 
Furthermore, the fiber Bragg grating period only depends on the phase mask period which 
can be non-uniform for chirped and/or apodized fiber Bragg gratings. In the overall, all this 
features are ideal for mass production. 
As disadvantages, it can be pointed that the defects present in the phase mask are 
reproduced in the fiber grating, which degrades the Bragg grating spectral response. 
Additionally, the inscription of other Bragg wavelengths requires the use of different phase 
masks. However, it is possible to tune the Bragg wavelength a few nanometres if for 
instance the fiber is pre tensioned. Another disadvantage of the phase mask method is that 
the phase mask needs to be placed very close to the fiber, this can lead to damage of the 
phase mask if improper mounting is performed or if any contaminant (e.g. dust) is present 
between the fiber and phase mask. To suppress this, a Talbot interferometer can be used, in 
such a way that the phase mask is used as a beam splitter to create two separate beams 
which are then reflected by two mirrors and recombined to interfere at the fiber. If the 
mirrors are positioned at 90º angle, the grating produced in the fiber will be similar to that 
produced if the fiber was close to the mask. On the other hand, if the mirrors are rotated, 
other grating periods can be achieved [118]. 
4.2 Fiber Bragg Grating Fabrication with 325 nm HeCd UV Laser 
In order to inscribe POFBGs using the most common wavelength radiation, a CW 
HeCd (IK3301R-G from Kimmon Koha Co., Ltd) operating at 325 nm UV radiation, was 
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employed. For the grating writing, an inscription setup based on the phase mask method 
was mounted as shown in Figure 4.2.1. In such figure, it can be seen that the UV laser 
beam coming from the HeCd laser (“A”), is reflected by three mirrors (“Bn”). The first 
reflection occurs at the mirror (“B1”), which is used to guide the beam upwards from the 
optical table. The second mirror (“B2”) is used to guide the beam parallel to the optical 
table and the third one (“B3”), is used to guide the beam downwards to the POF (“F”). 
Between the third mirror and the POF, it was placed a plano-convex cylindrical lens (“C”), 
with focal length of 10 cm. The lens focuses the laser beam onto the direction of the fiber 
length, allowing to increase the power density in the fiber core. The fiber is supported by a 
v-groove placed on top of a 3D mechanical positioner (“H”), being the later, used to make 
a temporary free space coupling (“I”), between the POF and a silica pigtail fiber (“K”) 
terminated with an FC/APC contact. Between the fibers, it is introduced an index matching 
gel, in order to reduce the Fresnel reflections, lowering the background noise. To be sure 
that the light is propagated into the core of the POF, a 40 X objective (“E”), is placed at the 
end of the POF and the near field is observed using a beam profiler (“D”). The pattern 
imprinted into the fiber is determined by the period of the phase mask (“G”), placed just 
above the POF. It is worth to mention that mirrors, lens and phase masks employed in the 
current setup, were all suited for 325 nm UV radiation, allowing to have high transmittance 
from the output laser to the fiber, and in case of the phase masks, it permits to have low 
zeroth diffraction order. 
The laser beam has a circular shape with a diameter of 1.2 mm, and an output power 
of 30 mW
*
. However, when the beam arrives onto the fiber, the power is decreased to 
25 mW and the beam diameter diverges, being its final diameter close to 2 mm. The causes 
are inherently due to the path travelled by the UV radiation from the laser output to the 
fiber and also due to the 3 reflections at the mirrors. Considering static irradiation, the 
length of the POFBG is determined by the diameter of the laser beam. However, in order to 
inscribe gratings with longer lengths, the motorized linear stage (UTS100PP), referred as 
“J” in Figure 4.2.1, could be used to move the 3D mechanical positioner v-groove and 
fiber, all at the same time. In such case, the grating length is only limited by the phase 
mask length. Nonetheless, in such configuration it is necessary to take into attention that a 
                                                          
*
 Measured right after the laser head using a Spectra-Physics Model 407A. 
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correct velocity of the fiber related to the laser beam needs to be calculated, allowing 
enough accumulated energy for each incremental motion. 
 
Figure 4.2.1 Picture of the inscription setup employing an HeCd 325 nm UV laser. Legend: 
“A”  HeCd laser (not shown, behind the protective UV box); “Bn”  Mirrors; “C”  Lens; 
“D”  Beam profiler; “E”  40 X objective; “F”  POF (drawn with a white line); “G”  Phase 
mask; “H”  3D axis; “I”  Butt coupling; “J”  Motorised linear stage; “K”  Silica pigtail fiber. 
The inscription of Bragg gratings was done for two different spectral windows. For 
that, two phase masks with uniform periods of 557.2 nm and 1048.7 nm were employed, in 
order to produce POFBGs at the 830 nm and 1550 nm, considering PMMA as the host 
material of POFs. The phase masks were custom made by Ibsen Photonics, claiming less 
than 3 % transmission in the zeroth order using 325 nm UV radiation. The grating growth 
was seen in reflection in both cases, using different instruments. For the 850 nm case, a 
superluminescent diode (SLD-371-HP1, from Superlum), with 840 nm central wavelength; 
50 nm of FWHM and 5 mW of output power was employed. Additionally it was used a 
1 X 2 – 3 dB SM fiber coupler (composed of HI780 fiber) and a spectrometer 
USB2000+VIS-NIR, from ocean optics with a resolution of 0.1 nm. Regarding the grating 
inscription at 1550 nm region, an interrogator system (Micron Optics 125-500), with 
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resolution of 1 pm was employed. The correspondent schematic measurement setups for 
the 850 nm and 1550 nm regions, can be seen on top and button of Figure 4.2.2, 
respectively. 
 
Figure 4.2.2 Schemes used to measure the POFBG reflection signal. The schematic shown on top 
employs an SLD source, a 1 X 2 coupler and a spectrometer and it is used for the 850 nm window. The 
button part of the scheme is intended for the 1550 nm window, employing a commercial fiber 
interrogator. 
4.2.1 Growth Behaviour of a POFBG Inscribed in a SM-mPOF 
The grating inscription was performed in a PMMA based mPOF sold by Kiriama Pty 
Ltd., with trade name SM-125, (see specifications in Table 3.4.1 and a picture of the fiber 
in Figure 3.4.1 (f)). The fiber was designed to be endlessly single mode, and numerical 
simulations considering the refractive index calculated from the coefficients of the 
Sellmeier equation given in [214], proved that the fiber supports only one mode at 850 nm 
and 1550 nm regions. In those simulations, effective mode index of 1.4804 and 1.4631, 
could be found for the 850 nm and 1550 nm wavelength windows, respectively. An 
example of the simulated fundamental effective mode index propagating at 1550 nm can 
be seen in Figure 2.2.4. From the simulation results, the effective mode index in both 
wavelength regions was used to estimate the centre of the Bragg peak wavelength, which is 
825 nm and 1534 nm, considering the phase masks with periods of 557.2 nm and 
1048.7 nm, respectively. 
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Before the inscription, the fibers were annealed in a thermal chamber during 24 hours 
at 65 ºC, in order to remove residual stresses left during the drawing process. Regarding 
the inscription, the UV laser was turned on, and each spectrum was acquired after one 
minute. The laser was switched off only when the peak power reaches the saturation. The 
correspondent spectra during the irradiation can be seen in Figure 4.2.3 (a) and (b), 
respectively for the 850 nm and 1550 nm regions, respectively. 
 
Figure 4.2.3 Spectra of the Bragg grating growth during time for the: (a) 850 nm and (b) 1550 nm 
regions. Regarding (a), the Bragg peak started to be seen after 18 minutes, and the laser was switched 
off after 50 minutes. In case of (b), the Bragg peak appeared after 7 minutes and the laser was turned 
off after saturation time is achieved (t~30 minutes). 
At the beginning, the first reflection spectra did not show any Bragg peak. Conversely, 
after a few minutes, specifically 18 minutes and 7 minutes (see Figure 4.2.5), the gratings 
started to appear at 827.8 nm and 1553.1 nm, for the 557.2 nm and 1048.7 nm phase 
masks, respectively. Initialy, both POFBGs shown in Figure 4.2.3 (a) and (b), present only 
a single peak for the region that satisfies the Bragg condition, as expected, since the fiber is 
endlessly SM. Additionally, the peak reflection increases with increasing total cumulative 
energy, which is due to an increase in the refractive index amplitude (nac). As the Bragg 
grating grows, the spectra become broadened at the left side. In literature similar behaviour 
has been observed by Liu and co-workers [39], where they report two different grating 
growth behaviours, which they assume to be similar to the ones observed in silica fiber 
Bragg gratings. Based on the similarities of the growth behaviour presented here and the 
ones presented by Liu et al., it will be used the same definitions. Therefore, in the overall, 
at the beginning, the grating grows with a well-defined peak resulting from an induced 
refractive index change in the fiber core only, being thus, classified as a type I grating. 
However, as the grating grows, the spectra bandwidth becomes broader and the losses at 
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the short wavelength increase. During the inscription, the UV pattern formed by the light 
passing through the phase mask is imprinted in the core POF, due to the photosensitivity of 
the PMMA under UV radiation. Additionally to that, the PMMA material that is present in 
the interstitial air/hole lattice close to the core POF suffers also a refractive index 
modulation. Due the phase matching condition, the fundamental forward core mode is 
coupled to the backward mode. However, leaky modes with an effective refractive index 
lower than the fundamental mode can also couple to the backward mode, leading to have a 
broadened peak at the blue part of the spectra as shown in Figure 4.2.3 (a) and (b). From 
this specific behaviour, it is assumed that the grating passes from a type I to a type II 
grating as previously reported [39]. Another finding in type II Bragg gratings is the 
existence of damages at the core cladding interface which are attributed to the induced 
fiber loss, as a result of the permanent photodegradation in the PMMA. Evidences from 
that were observed with a microscope in samples with inscribed POFBGs. To enhance the 
scattering losses at the irradiated POFBG, a red laser light was injected into the core of the 
SM-125 mPOF and a microscope image at the POFBG region was registered, as can be 
seen in Figure 4.2.4,. From that, it can be seen a huge amount of light scattering at the 
microstructured cladding, at the region where the POFBG was inscribed, which is a clear 
evidence of the permanent damages occurred in the microstructured cladding region. 
 
Figure 4.2.4 Microscope image of the irradiated POFBG area of a SM-125 mPOF. The red scattering 
light appearing at the POFBG microstructured cladding region is the result of the photodegradation 
process under UV radiation. 
Coming back to the reflection spectra shown in Figure 4.2.3, it is also pertinent to refer 
that the observed asymmetry could also be due to a non-uniform laser beam intensity 
distribution along the fiber length. However, far field images did not comprove that. 
For the saturation time, which is defined as the writing time after which the reflectance 
saturates, the laser has been switched off. This occurred 50 minutes and 30 minutes after 
the laser is turned on, for the POFBGs written in the 850 nm and 1550 nm regions, 
125 µm 
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respectively. In order to see the evolution of the Bragg peak power and wavelength, the 
spectra was continuously measured for further 28 minutes and 43 minutes, for the POFBG 
at 850 nm and 1550 nm regions, respectively. The results concerning the reflection Bragg 
peak power evolution and Bragg wavelength evolution in the regions of 850 nm and 
1550 nm, can be seen in Figure 4.2.5 and Figure 4.2.6, respectively, before and after the 
UV radiation is turned off. 
   
Figure 4.2.5 Time evolution of the Bragg peak power for the (a) 850 nm and (b) 1550 nm regions. In 
(a), the UV radiation is turned off after ~ 50 minutes, and the data is collected for further 28 minutes. 
Regarding (b), the irradiation is turned off after ~ 30 minutes, and the data is collected for further 
43 minutes. 
As can be seen from Figure 4.2.5 (a) and (b), the peak power displays the typical 
scenario in which the Bragg peak grows faster at the beginning and then saturates [39]. 
Additionally, after the irradiation is off, the peak power drops in the next few minutes and 
then starts to increase again, until stabilization at the similar reflectance as when the 
irradiation was off. An explanation for such phenomenon can be thought as the molecular 
orientation of the PMMA chains inside the polymer core fiber, consequence of the 
relaxation of the thermal stresses build in during the irradiation. 
As the refractive index amplitude increases, with increasing irradiation dose, the 
reflectivity also increases. In order to estimate the reflectivity (R) of the gratings, the 
following equation is used [212]: 
 10/-10 pRR   Equation 4.2.1 
where Rp is the peak of the reflected signal. To calculate Rp, it is necessary to consider the 
referenced value of the peak power shown in Figure 4.2.5. For that, it is required to know 
the source output power; the splice joint loss; and the loss of the coupler or circulator. 
Considering the grating at 850 nm, one may see that the reflected peak power shown in 
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Figure 4.2.3 (a) and Figure 4.2.5 (a) is about -31.4 dBm. The joint splice loss is according 
to the experimental results shown in Table 3.5.3, equal to 6.3 dB, which in the current 
measurement scheme (reflection), is doubled (12.6 dB). The fiber loss at 850 nm can be 
seen in Table 3.5.3 as 0.06 dB/cm which for a grating written 4 cm away from the splice 
joint and considering two optical paths, turns to be 0.5 dB. For the 1 x 2 coupler, one may 
find a 3 dB loss for the launching of light and 3 dB for collection of the reflection POFBG 
signal, giving 6 dB. In the overall, for a launching power of -10 dBm, the calculated Rp is 
equal to 2.3 dB, which according to Equation 4.2.1 results in 58.6 % reflectivity. 
For the POFBG written at the 1550 nm region, the reflected peak power shown in 
Figure 4.2.3 (b) and Figure 4.2.5 (b) is near -40.9 dBm. The optical interrogator has an 
output power of -10.0 dBm; the joint splice loss is about 6.5 dB for each optical path, (see 
Table 3.5.1)); the fiber loss is circa of 1.5 dB/cm at 1550 nm, calculated from the cutback 
technique, which translates in a path loss of 12.0 dB, since the POFBG is written 4 cm 
away from the POF termination, and it is considered two optical paths. Finally a 3.0 dB 
loss is considered for the circulator that is inside the interrogator. In the overall, the 
normalized reflected peak signal for the 1550 nm POFBG is roughly equal to 2.9 dB, 
which according to Equation 4.2.1 transduces in a reflectivity of about 51.3 %. 
From the previous calculations, it is possible to calculate the induced refractive index 
modulation (nac) for both POFBGs using Equation 4.1.10, and considering a 2 mm 
grating length
*
 given by the UV beam diameter. The calculated value is equal to 1.3 x 10
-4
 
and 2.2 x 10
-4
 for the POFBG written at the 850 nm and 1550 nm regions, respectively, 
which is in agreement with the values reported in literature [40], [47], [203]. A compilation 
of the values used for the calculation of the normalised POFBG peak power, reflectivity 
and induced refractive index change for both POFBGs may be seen in Table 4.2.1. 
During the inscription, the wavelength peak power of the spectra presented in Figure 
4.2.3 (a) and (b), suffer a blue shift as the grating grows, until the laser is turned off. After 
that, the spectra were taken for the next 28 minutes and 43 minutes, for the POFBG written 
at 850 nm and 1550 nm, respectively. 
 
                                                          
*
 In a static irradiation it is assumed a grating length similar to the spot size of the laser beam diameter. 
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Table 4.2.1 Reflectivity (R) and induced refractive index change (nac), of the POFBGs, calculated 
from the normalised reflected peak power. 
Region 
Power 
Source 
(dBm) 
Peak 
reflection 
(dBm) 
Joint 
Loss 
(dB) 
Fiber 
Loss 
(dB/cm) 
L 
(cm) 
Coupler / 
Circulator 
loss (dB) 
Rp 
(dB) 
R (%) 
nac 
(x 10
-4
) 
827 nm -10 -31.4 6.3 (x2) 0.06 4 (x2) 3 (x2) 2.3 58.6 1.3 
1550 nm -10 -40.9 6.5 (x2) 1.5 4 (x2) 3 2.9 51.3 2.2 
Right after the laser is switched off, a red shift of the Bragg peak resonance is 
observed until saturation, which occurs in about 10 minutes for both POFBGs. The results 
can be observed in Figure 4.2.6. 
   
Figure 4.2.6 Time evolution of the Bragg peak wavelength. In (a), the UV radiation is turned off after 
~ 50 minutes, and the data is collected for further 28 minutes. Regarding (b), the irradiation is turned 
off after ~ 30 minutes, and the data is collected for further 43 minutes. 
The behaviour presented in Figure 4.2.6, for both POFBGs, is the net contribution of 
two processes, which are, the refractive index change due to the UV 
irradiation (irreversible change) and the refractive index change, due to the rise of 
temperature in the irradiated area (reversible change) [110]. The total wavelength shift 
occurred during the irradiation was 1.2 nm and 5.5 nm, for the 850 nm and 1550 nm 
regions, respectively. However, the irreversible change on the refractive index can only be 
accounted after the fiber is cooled down, which is indicated by the stabilization of the 
Bragg wavelength, 10 minutes after the irradiation is stopped, for both POFBGs. 
Considering the POFBG at 850 nm, the irreversible wavelength change was 0.3 nm, being 
the reversible change equal to the difference between the total wavelength shift and the 
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irreversible wavelength change, which gives a value equal to 0.9 nm. For the grating 
written at the 1550 nm region, the irreversible wavelength change was 1.9 nm, being the 
reversible change equal to 3.6 nm. Considering a temperature sensitivity of -71.14 pm/ºC 
for this fiber (mPOF SM-125), as will be see in section 5.3, it can be calculated the rise of 
temperature of the fibers during irradiation as 12.1 ºC
*
 and 50.8 ºC, for the POFBG written 
at 850 nm and 1550 nm, respectively. The five times difference could be related with the 
focusing of the laser into the core POF which could be perfectly aligned for the POFBG 
written in 1550 nm, when compared with the grating written at 850 nm. Additionally, the 
orientation of the microstructured cladding against the laser beam could lead to a higher 
degree of diffraction of the UV beam at the air holes for the grating written at 850 nm 
compared with the one at 1550 nm. Evidences from that are the higher inscription time 
needed for the 827 nm POFBG, compared with the 1550 nm POFBG, respectively 50 and 
30 minutes. Therefore, the power reaching the core will be lower for the 827 nm POFBG, 
leading to have a lower rise of temperature at the core region, compared with the case 
presented for the 1550 nm POFBG. 
On the other hand, considering Equation 4.1.9, it can be seen that the permanent blue 
shift induces a negative mean index change (ndc), which making the calculations gives a 
value of -1.7 x 10
-3
 and -6.1 x 10
-4
 for the 850 nm and 1550 nm regions, respectively, being 
the later three times higher, probably due the higher fringe contrast produced in the core 
region, which were less scattered at the microstructured air holes. In literature, it can be 
found both positive [199], [203] and negative [39] values for ndc upon UV irradiation. 
The different behaviours may be explained by a competitive process between 
photodegradation for the negative change and photopolymerization for the refractive index 
increase, as already mentioned in [203]. Concerning the negative mean refractive index 
change observed in the results presented before, it is concluded that the main chain scission 
of the PMMA main chain took place, as concluded in [200], [201] for the 320 nm 
wavelength radiation. Therefore, shorter molecule chains will be produced, leading to a 
higher degree of freedom and consequently lower density, i.e. decreased refractive index. 
 
 
                                                          
*
 The calculation was based on ST@1550 nm, however, a lower value is expected at 850 nm. 
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4.2.2 Inscription of FBGs in different POFs with 325 nm HeCd laser 
The inscription of FBGs in other POFs was also under investigation. Examples of such 
fibers were the step index SM-MORPOF03 (see specifications in section 3.4), which is 
shown in Figure 4.2.7 (a), and a SM-flat sides mPOF shown in Figure 4.2.7 (d). The flat 
sides mPOF was obtained from a partnership with Aston University, the fiber is composed 
of PMMA material and the flat surface is provided to help the alignment of the 
microstructure against the UV laser beam, during FBG writing. The fiber has an outside 
diameter of 150 µm (round edges) and 115 µm (flat edges) and a core diameter of 14.6 µm. 
The core is surrounded by 60 air holes with diameters of 2.6 µm and a separation between 
holes of 8.6 µm, giving an air filling fraction equal to 0.3 [47]. 
 
Figure 4.2.7 Microscope images ((a), (d)); Numerical simulation results, representing the fundamental 
mode ((b), (e)); and near field images @ 850nm ((c), (f)), obtained for the SM-MORPOF03 ((a), (b) and 
(c)), and SM-flat sides ((d), (e) and (f)). 
The FBGs were intended to be written in the 850 nm and 1550 nm region using the 
phase mask technique described previously, and employing the 557.2 nm and 1048.7 nm 
phase masks, suited for the 325 nm UV radiation. Therefore, numerical simulations at the 
intended spectral regions were made in order to know the modal behaviour of the fibers. 
For that, it was considered a PMMA refractive index of 1.4857 and 1.4794, for the 850 nm 
and 1550 nm, respectively, calculated from the coefficients of the Sellmeier equation given 
in [214]. Additionally, concerning the SM-MORPOF03, it is known that the core of the 
(a) (c) 
(d) (f) 
50 um 
 @1550nm = 1,478051 
(e) 
@850nm = 1,486479 
(b) 
 @850nm = 1,485221 
@1550nm = 1,480257 
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fiber is doped with less than 5% PS, and it is also known that the numerical aperture of the 
fiber is 0.07. Thus it was possible to calculate the core refractive index. Results revealed 
that both fibers support only the fundamental mode in both spectral windows, with 
effective mode index of 1.4803 and 1.4865, for the SM-MORPOF03 and 1.4781 and 
1.4852 for the SM-flat sides, in the 850 nm and 1550 nm regions, respectively, (see Figure 
4.2.7 (b) and (e)). Considering the effective mode index obtained in the simulations and 
using the Bragg relation expressed in Equation 4.1.1, it is expected a single Bragg peak 
centred at 828.3 nm, and 827.6 nm for the SM-MORPOF03 and for the SM-flat sides, 
respectively, considering the 557.2 nm phase mask period. Additionally, a Bragg peak at 
the 1552.3 nm, and 1550.0 nm, is expected for the SM-MORPOF03 and SM-flat sides, 
respectively, considering the 1048.7 nm phase mask period. 
Before the inscription the fibers were annealed at 65 ºC during 1 day. The fibers were 
then coupled to a SMF-28e silica fiber and proper alignment into the core POFs was made 
with the aid of the visualisation of the near field profile of the fibers. After proper 
alignment (see Figure 4.2.7 (c) and (f), for the SM-MORPOF03 and SM-flat sides, 
respectively), the POFBGs were written and the final Bragg grating spectra were taken. 
The results can be seen in Figure 4.2.8 (a) and (b) for the SM-MORPOF03 and (c) and (d) 
for the SM-flat sides.    
The flat sides mPOF used in this study was intended to have the same and preferential 
microstructure orientation against the UV laser beam, allowing to have a lower UV 
scattering at the air holes, as already reported by other authors [215]. On the other hand, 
the SM-MORPOF03, has a SI profile and thus, there are no air holes scattering the UV 
beam. One obvious consequence of that is the lower inscription time needed to saturate the 
Bragg reflection peak power, which was near 20 minutes for the SM-MORPOF03, 
compared with the ~40 minutes needed for the SM-flat sides. 
Fiber Bragg gratings at the visible region, have been demonstrated in literature by 
several authors [36]–[38]. The advantages of POFBGs at this spectral region are inherently 
due to the low PMMA absorption (see Figure 2.6.6). Based on that, the inscription of 
POFBGs at the 600 nm was under investigation in this work. For that, the setup based on 
the phase mask technique previously described was employed (see Figure 4.2.1). For that, 
the measurement scheme shown on top of Figure 4.2.2 was used. 
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Figure 4.2.8 Spectra collected for FBGs written in a SM-MORPOF03 POF at (a) 850 nm and (b) 
1550 nm and in a SM-flat sides at (c) 850 nm and (d) 1550 nm. 
The equipment used was based on a tungsten halogen light source (HL-2000 from 
ocean optics), a 1 x 2 - 3-dB coupler (composed of a SM-600 fiber), and a spectrometer 
USB2000+VIS-NIR, from ocean optics, with a resolution of 0.1 nm. The phase mask 
employed had a period of 405.4 nm and it was designed for 325 nm UV irradiation, 
allowing to produce Bragg gratings in PMMA based POFs at the 600 nm region. Despite 
the intense work devoted to the development of these types of gratings, their visualisation 
was not successful, even exposing the fibers to the UV pattern for periods of time longer 
than the ones reported in the previously inscription results. Possible reasons for such 
results may arise from the light source employed in the experiments. In fact, the output 
power of the source is provided in a multimode patch cord, which has a core diameter of 
200 m in order to get good coupling efficiency by enlarging the numerical aperture. 
However, when the 1 x 2 SM coupler (core diameter of ~5 m), is connected to this patch 
cord, the light coming out from the coupler is almost negligible. The case is even worst 
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when considering the loss at the joint splice from the silica pigtail to the POF. Nonetheless, 
it is expected in a near future the use of a supercontinuum source with enough output 
power, in order to visualise these type of POFBGs. 
4.3 Fiber Bragg Grating Fabrication with 248 nm KrF UV Laser 
Despite the successful results regarding the inscription of POFBGs under 325 nm UV 
radiation, there is a problem associated with the time required to inscribe a single Bragg 
grating. In the present study it took between twenty to fifty minutes depending on the fiber 
used and orientation of the microstructure in the case of microstructured fibers. The results 
were in accordance with the ones reported in literature using similar irradiation 
wavelengths and power [39], [110], [216], [217]. Nevertheless, it can be found a record 
inscription time of seven minutes, reported by the Ole Bang group [37], being this value 
well below than most of the works reported in literature. One obvious problem associated 
with the long exposure time, is the stability needed during the inscription process, which 
can be challenging due the dimension of the structures being created. On the other hand, 
the mass production of POFBGs considering the current inscription time is prohibited. 
Therefore, a solution for this problem is highly demanding. 
In literature, several authors have studied the behaviour of PMMA slabs under 248 nm 
UV radiation, especially in the context of ablation [33], [34], [204], [218]. Furthermore, 
refractive index studies in PMMA slabs under this UV radiation, have also been under 
research [31], [32]. Until now, this UV radiation was not been considered suitable for 
POFBG inscription because, according to Peng et al., the fiber absorption at this 
wavelength was very high [13], [43]. This conclusion was obtained since the Bragg grating 
created on a polymer preform was a surface relief grating [13]. The result was perhaps 
explained by the use of high fluences, high repetition rate, together with high exposure 
time, prompting to a periodic removal and ablation of the polymer preform surface. 
In this section, based on the preliminary studies regarding the refractive index 
modification in PMMA slabs with 248 nm UV radiation under fluences below the reported 
threshold for PMMA ablation [204], and with low laser frequencies to avoid cumulative 
heating, it is was decided the study of this wavelength radiation for the inscription of Bragg 
gratings in polymer fibers. 
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4.3.1 Fiber Bragg Grating Fabrication in a few-mode mPOF 
The laser source used in this work was a KrF Bragg Star TM  Industrial-LN excimer 
laser operating at 248 nm. The laser beam has a spot size of 6 mm in width and 1.5 mm in 
height, with pulse duration of 15 ns. The fiber under study was bought from Kiriama Pty 
Ltd. with trade name FM-250, and it is represented in Figure 3.4.1 (a). The fiber is based 
on PMMA, and the holes structure was designed to allow few-mode (FM) operation at the 
visible region. The fiber dimensions are: 250 μm for the cladding, 6 hole layers spaced by 
a pitch of 6.2 μm and the holes diameter is 3.2 μm. Numerical simulations at 1550 nm and 
considering a PMMA refractive index of 1.4794, calculated from the coefficients of the 
Sellmeier equation given in [214], revealed that the fiber supports also few mode 
operation, with a total of sixteen guided modes. Examples of the first modes propagating in 
the fiber are shown in Figure 4.3.1. 
 
Figure 4.3.1 Numerical simulation made on a FM-250 at the 1550 nm region, showing some of the 
modes propagating into the fiber. 
In a preliminary test, the laser repetition rate and fluence were investigated, ensuring 
that the surface of the polymer fiber was not damaged/ablated. Thus, a special inscription 
setup was prepared, which is represented by the schematic shown in Figure 4.3.2. 
 = 1,474988 
 = 1,471375 
 = 1,476967 
 = 1,471535 
 = 1,478546 
 = 1,473309 
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Figure 4.3.2 Setup used for the POF irradiation with a 248 nm KrF UV radiation. After the beam exit, 
the UV radiation is reflected by three mirrors. The UV beam is then passed through a lens and slit 
which shapes the beam into the POF  
From the schematic shown in Figure 4.3.2, it can be seen that the UV radiation coming 
out from the output of the 248 nm KrF laser is first reflected upwards in a first mirror and 
then reflected in a second mirror which guides the beam parallel to the optical table. By 
using these two mirrors, it was given enough space to mount all the optical parts needed 
for the irradiation setup. The UV beam is then reflected in a third mirror that guides the 
beam onto the optical fiber. This third mirror is mounted on top of a linear stage (M-
ILS150CC from Newport), with 15 cm travel range, which in turn is fixed to another linear 
stage (ABL20100 from Aerotech
®
) with a longer travel range (1.2 m). Both linear stages 
are suited to control the position of the beam onto the fiber longitudinal axes. Between the 
third mirror and fiber, it is used a cylindrical lens (30 x 30 mm), with focal length of 
20 cm, which is used to increase the power density in the transversal direction of fibers 
core. After the lens and close to the POF it was placed an adjustable mechanical slit (M-
SV-0.5 from Newport
®
), which controls the width of the exposure area, that can range 
from 0 to 5 mm, with a precision of 2.5 m. To secure the fiber, two v-grooves placed on 
top of 3D mechanical positioners are used, being the distance between them adjustable for 
fiber length being used. 
Excimer 
Laser 
248 nm 
 
Focal Lens 
Slit 
XYZ 
Stage 
XYZ 
Stage 
UV Beam POF 
Mirror Mirror 
Mirror 
Linear stages 
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Prior to the irradiations the POF samples have been annealed for 65 ºC during 
24 hours. A POF sample is then fixed with the help of magnetic clamps and little strain is 
given prior to the irradiation. For the first trial, the laser repetition rate (R) was set to 
50 Hz, and the pulse energy (E) set to 3 mJ which considering the beam dimensions, gives 
a fluence of 33 mJ/cm
2
 per pulse, which is well below the reported threshold for PMMA 
ablation [204]). The irradiation was performed in few seconds and it was concluded that R 
was too high because the surface appears to be damaged by naked eye. The same 
conclusion was obtained for the same fluence but for R = 5 Hz during 60 seconds. It was 
observed that there was still damage of the fiber surface as shown in Figure 4.3.3 (a). A 
conclusion taken from the results was that the damages on the surface fiber were mainly 
due to the rise of temperature on the fiber, a consequence of the laser frequency. Therefore, 
the laser parameters were set to its minimum, with R = 1 Hz, and E = 3 mJ, during the 
same period of time. By doing that, the cumulative heating on the fiber was minimized and 
thus, the occurrence of ablative processes [219]. As can be seen from Figure 4.3.3 (b), no 
ablation on the fiber surface was observed, providing clear evidences that R and I are 
suited for the trials related with Bragg gratings inscription in POFs. 
 
Figure 4.3.3 Microscope images of the surface of the FM-250 mPOF exposed to 248 nm UV radiation, 
with a repetition rate of (a) 5 Hz and (b) 1 Hz, for the same fluence of 33 mJ/cm
2
, and exposure time 
of 60 seconds. The image shown in (a) clearly shows surface ablation. 
From the conclusions taken from the preliminary irradiation tests, it was decided to 
inscribe POFBGs by employing few modifications on the irradiation setup shown in Figure 
4.3.2. For that, the phase mask technique was employed due to its easy implementation. 
Therefore, the phase mask support was placed in an aluminium board that is attached to the 
ABL20100 linear stage platform. Careful alignment is given to place the phase mask in the 
close vicinity of the fiber, but at the same time avoiding touching it. The phase mask used 
≈ 10 μm ≈ 10 μm 
(a) (b) 
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has a uniform period of 1023 nm, and it was designed for the 248 nm operation with well 
supressed zeroth order. Before the inscription process, the FM-250 mPOF was cleaved 
with a length of 15 cm and the terminals were prepared through the process described in 
section 3.4. The fiber was placed in the v-grooves at the inscription setup and was secured 
with magnetic clamps. Additionally, the fiber was kept in strain to avoid undesired 
curvatures, and at the same time to enhance the photosensitivity upon irradiation [203]. A 
temporary connection was made in one of the 3D mechanical positioners, using a SM silica 
pigtail fiber (9/125 μm) cleaved at 8º angle and the FM-250 mPOF, following the 
descriptions given at section 3.5.2. A small amount of index matching gel was used in the 
coupling to reduce Fresnel reflections and at the same time lowering the background noise. 
Furthermore, to ensure that the fundamental mode of the SM silica fiber is properly 
coupled into the core of the mPOF, light was injected into the silica pigtail fiber and at the 
other mPOF terminal a 40 X magnification lens followed by a beam profiler was placed to 
check if the modes were being propagated in the fiber core. The results concerning the near 
field images before and after the coupling may be seen in Figure 4.3.4 (a) and (b), 
respectively. 
 
Figure 4.3.4 FM-250 near field images, before (a) and after (b), the free space coupling to a pigtail 
silica fiber (SMF-28e). The dashed circle shown in (b) was drawn only to know the location of the fiber. 
In (c) it is shown the near field image of the fiber under FBG inscription, collected right after the 
irradiation zone. The red arrow indicates the direction of the irradiation. 
After correct alignment of the silica pigtail fiber related to the mPOF, an interrogation 
system with wavelength accuracy of 1 pm was used to monitor in real time the spectra 
evolution. A picture of the implemented phase mask setup may be seen in Figure 4.3.5. 
(a) (b) (c) 
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Figure 4.3.5 Picture of the inscription setup employing the phase mask technique. Legend: “A”  KrF 
laser (not shown); “B”  Beam profiler; “C”  40 X objective; “D”  Motorised linear stage (M-
ILS150CC); “E”  Mirror; “F”  Lens; “G”  Slit; “H”  Phase mask; “I”  POF; “J”  Butt 
coupling; “K”  Telescopic camera; “L”  Silica pigtail fiber; “M”  3D mechanical axis; 
“N”  Linear stage (ABL20100). 
During the POFBG inscription, the interference pattern originated from the UV 
incidence upon the phase mask is passed through the fiber and then diffracted in the 
transversal direction of it, as can be seen in the white paper screen placed at the acrylate 
protective box shown in Figure 4.3.6. The phenomenon is well known and it is related with 
the circular shape of the fiber which acts as a lens, diffracting the light passing through it. 
A symmetric pattern in both top and button parts of the ±1 diffracted orders is an indicative 
of the perfect alignment of the beam related to the centre of the fiber transversal axis. 
However, in some cases, especially when the fiber to be used has a different diameter from 
the previous, it is necessary to proceed to the correct alignment of the beam related to the 
fiber, which is easily performed by looking at the interference pattern generated at the 
white paper screen and making few adjustments at the mirror defined with the letter “E” in 
Figure 4.3.5. 
m = +1 
m = -1 
m = 0 
UV beam 
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Figure 4.3.6 Inscription of POFBGs through the 248 nm UV radiation. During the inscription, the POF 
is illuminated with the interference pattern generated by the phase mask. The fiber acts as a lens, and 
the interference fringes can be clearly seen at the white paper screen, which are further used as a guide 
to correct the beam alignment related to the fiber core. 
The first results concerning the inscription of POFBGs in the FM-250 mPOF, were 
successful in a matter of seconds, revealing an unprecedented result considering the tens of 
minutes reported in literature with other UV sources. However, the spectra evolution 
revealed signal degradation for long exposure times. For that reason, the peak power was 
seen in real time by the interrogator allowing to know when the UV laser should be 
stopped, avoiding too much exposure time. The results for the grating inscribed in a FM 
mPOF, 3 cm away from the coupling to the silica pigtail fiber and with a length of 4.5 mm, 
are shown in Figure 4.3.7. 
The results revealed that the Bragg peak appears at the first irradiation pulse, growing 
at high rate until 20 seconds.  
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Figure 4.3.7 Inscription of a Bragg grating in a FM-250 mPOF during time, (each spectra was taken 
with a period of 1 s). Inscription parameters: L = 4.5 mm, ΛPM= 1023 nm, R = 1 Hz, I = 33 mJ/cm
2
, and 
number of pulses to reach saturation of N = 20 pulses. 
The results revealed that the Bragg peak appears at the first irradiation pulse, growing 
at high rate until 20 seconds. Despite the fiber being few mode at the 1550 nm region (see 
Figure 4.3.1), the spectra only shows a single Bragg peak at ~1514 nm. The result is 
however related with the axial alignment made between the SMF-28e and the FM-250, in 
which the fundamental mode seems to be preferentially excited, related to the other modes 
that can also propagate in the FM-mPOF. On the other hand, the spectra shown in Figure 
4.3.7 presents an asymmetry in its shape, being the result probably due to the non-uniform 
distribution of the laser intensity on the POF as already reported [16], or even due the 
orientation of the microstructure against the laser beam, that can lead to a non-uniform 
grating [35]. In Figure 4.3.4 (c) it is shown the near field image of a FM-250 mPOF sample 
under irradiation. As can be clearly seen by the colour saturation in the near field pattern, 
the UV radiation is scattered at the microstructured cladding. On the other hand, it is also 
possible to see that some of the light reaches the POFs core, which is highly dependent by 
the orientation of the laser beam against the microstructure. 
The peak power and the reflection Bragg wavelength evolution can be seen in Figure 
4.3.8 (a) and (b), correspondingly. The optimum irradiation time was estimated to be 
around 20 seconds meaning that only 20 pulses where needed to create an index 
modulation in the core POF, giving a total cumulative energy of 60 mJ. 
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Figure 4.3.8 Evolution of the: (a) peak power and (b), peak power wavelength, of the grating inscribed 
3 cm away from the polymer fiber end face, with L = 4.5 mm, Λpm = 1023 nm, R = 1 Hz, I = 33 mJ/cm
2
, 
and N = 20 pulses. 
Figure 4.3.8 (b) shows that the Bragg wavelength was blue shifted during the writing 
process, maintaining its value after the irradiation is turned off. The phenomenon was 
similar to the ones obtained previously for POFBGs written under 325 nm HeCd laser 
(i.e. Figure 4.2.6), were the blue shift was due to the combination of refractive index 
change and rise of temperature, where the later revealed to be a reversible process due the 
red wavelength shift after the laser is switched off. Conversely, the resonance Bragg 
wavelength present in the current results stabilizes after the irradiation is off, being its 
value similar after 20 minutes from when the laser is turned off. Therefore, these results 
gave a clear indication that the Bragg wavelength shift was only due to the refractive index 
change. Concerning the rise of temperature after each irradiation pulse, it is assumed that 
due to the low repetition rate, the fiber has time to cool down between consecutive 
irradiation pulses. According to Equation 4.1.9, and considering the Bragg wavelength of 
1524.43 nm for the first moment when the Bragg peak appears, and 1513.95 nm for the 
wavelength at the end of the irradiation process, it gives a core mean refractive index equal 
to -4.7 x 10
-4
, which is similar to the value reported previously for the POFBG written at 
850 nm region in the SM-125 mPOF fiber using the 325 nm HeCd laser. One clear 
observation is the negative value of the refractive index change, which in turn, is a 
consequence of the blue shift of the resonance Bragg wavelength during the irradiation 
process. In literature it has been found both positive and negative values for the refractive 
index changes in PMMA slabs [32], [199], under 248 nm radiation, and the explanation for 
the refractive index change has been essentially described as photochemical reactions, 
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rather than photothermal [33]. In view of literature results, it has been demonstrated that, 
PMMA ablation does not start with the first pulses, even considering a wide fluence range, 
neither with radiation above 270 nm [33]. The ablation only occurs after a required certain 
number of incubation pulses. Additionally, Burns et al., have shown that the threshold for 
ablation decreases with the repetition rate, being that a result from the heating on the 
sample due the sequential laser pulses [219]. On the other hand, Küper and Stuke revealed 
that under the incubation phenomenon, the UV absorption of PMMA samples increases 
with the number of pulses, obtaining transmissions of less than 6 % for a 40 m sample 
irradiated under 248 nm with 1000 pulses and with a fluence of 35 mJ/cm
2
, indicating 
significant changes in the chemical constitution of the material [33]. Detailed information 
of those species was obtained from infrared spectra, showing the presence of unsaturated 
species. Further studies provided by Wochnowski et al. showed that using the same 
wavelength light and at relatively low fluence (15 mJ/cm
2
), lead to a complete side chain 
separation from the main chain (see Figure 4.1.1 (ester main-chain scission)), generating 
free methyl formate radical that was detectable through X-ray photoelectron 
spectroscopy (XPS) and quadrupole mass spectroscopy (QMS) measurements. They have 
also shown that continuous irradiation at fluence of 30 mJ/cm
2
 or more, lead to a 
degradation of the free ester radical either into methane and carbon dioxide, detected by 
XPS measurements, or into carbon monoxide and methanol as indicated by Fourier 
transform infrared spectroscopy (FTIR) and QMS measurements [32]. The complete 
separation of the side chain of PMMA causes the formation of a radical electron at the -
C-atom, which leads to a destabilization of the polymer main chain causing its scission at 
high irradiation doses and the formation of a C=C double bond as identified in the FTIR 
measurements in [32], or less often to a main chain scission. In view of the previous 
reported literature results it is concluded that the drop of refractive index is explained 
essentially as a result of the degradation of the main polymer structure as already 
concluded in [200], [201]. Thus, shorter molecule chains are generated, leading to a higher 
degree of freedom and consequently decrease in density, that is reflected as a decrease of 
the refractive index. This conclusion was thus similar to the one previously described for 
the POFBG inscription using a 325 nm HeCd laser source. 
Another key aspect to take into account during the POFBG inscription, is the peak 
power increase (see Figure 4.3.8 (a)), as a result of the increase in the refractive index 
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modulation (nac), which in turns, is a consequence of the cumulative energy. In order to 
estimate nac it was considered Equation 4.1.10. For that, the reflectivity of the grating was 
calculated using Equation 4.2.1 considering the interrogator output power as -10 dBm, a 
peak reflection of -48.8 dBm, a joint loss of 1.5 dB, a fiber loss similar to the value 
reported for PMMA at the infrared region (1 dB/cm), a fiber length of 3 cm (6 cm for two 
paths), and a circulator loss of 3 dB. From the values, it is possible to estimate a reflectivity 
of 0.2 %, and a refractive index modulation of 4.9 x 10
-6
, for a 4.5 mm length POFBG. The 
results obtained here were much lower than the previous reported for the 325 nm SM-125 
POFBGs (see section 4.2.1), where reflectivities higher than 50 % and refractive index 
modulation of the order of 10
-4
 were achieved. These lower values were inherently due to 
the low visibility of the interference fringes created on the mPOF core, which is directly 
related with the backscattered light on the microstructure. Nevertheless, the grating has a 
high peak to side lobe ratio in the reflection spectrum, being clearly acceptable for sensing 
applications. 
In what concerns to the type of POFBG, it is believed to be in the presence of a type I 
POFBG, in which the refractive index change is formed mainly in the core of the POF, as 
already reported by Liu et al. [39], for the growth behavior reported at the beginning of the 
inscription process, and considering a 325 nm laser source. The low refractive index 
modulation is also an indicative of a type I grating. Additionally it is believed that the 
grating shown here (see Figure 4.3.7) was formed below the damage threshold, as 
indicated by the microscope image shown in Figure 4.3.3 (b) for 60 seconds UV exposure, 
and due to the absence of high losses at the left side of the spectra, contrary to the result 
obtained in Figure 4.2.3 for longer exposure times and considering 325 nm UV radiation. 
4.3.2 Fiber Bragg Grating Fabrication in different mPOFs 
The inscription of Bragg gratings using the 248 nm UV radiation in other mPOFs was 
also under study. Those fibers were purchased from Kiriama Pty., Ltd., under the trade 
names G3-250, MM-150, FM w/ Rh6G and SM-125. The fiber parameters may be found 
in Table 3.4.1; the correspondent end face images in Figure 3.4.1 ((b),(c),(d),(f)); and the 
near field pattern before and after the coupling to a silica pigtail SMF-28e fiber in Figure 
3.5.10 ((b),(c),(d),(f)). The mPOFs were intended for applications at the visible region, 
presenting multimode behaviour for the G3-250 and MM-150; few mode for the 
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FM w/ Rh6G; and single mode for the SM-125. Concerning the fibers G3-250 and MM-
150, it is expected also a multimode behaviour at the infrared region, since the core of 
those fibers is relatively high, being 34 m for the G3-250 and 40 m for the MM-150, 
respectively. Regarding the FM w/ Rh6G, it is known that the fiber is doped with Rh 6G, 
however, the specific amount of dopant is unknown. Therefore it was not possible to 
numerically determine the number of modes allowed in this fiber at the infrared region. 
Nonetheless, the fiber is expected to be also few-mode at the 1550 nm due the core 
diameter (~11 m). In what concerns the fiber SM-125 it was previously shown that the 
fiber supports only the fundamental mode at 1550 nm, with an effective refractive index of 
1.4631 (see Figure 2.2.4). 
Before the experiments, the fibers were annealed at 65 ºC, during 24 hours. Regarding 
the inscription, it was used the setup previously described for the 248 nm UV radiation, 
keeping the same laser parameters (R = 1 Hz and I = 33 mJ). The phase mask employed 
has a uniform period of 1033 nm and was designed for 248 nm UV radiation, having less 
than 3 % in the zeroth diffraction order. During the inscription, the peak power was seen in 
real time using the measurement acquisition scheme shown on top of Figure 4.2.2, 
allowing to turn-off the laser when the peak power reached the saturation. The results 
concerning the peak power evolution during time may be seen in Figure 4.3.9. 
 
Figure 4.3.9 Peak power evolution for four different POFBGs. 
As can be seen from Figure 4.3.9, the POFBGs reach the saturation level in few 
seconds, being the inscription time made in less than 30 seconds for all the fibers, which is 
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similar to the one obtained in the previous section for the FM-250 mPOF. After the 
POFBG inscription, the spectra were taken and they can be seen in Figure 4.3.10. 
 
Figure 4.3.10 Spectra acquired after the POFBG inscription, for: (a) G3-250; (b) MM-150; 
(c) FM w/ Rh6G; (d) SM-125.
*
 
As can be seen, the reflection spectra shown in Figure 4.3.10 (a) and (b), for the G3-
250 and MM-150, respectively, show several Bragg reflection peaks. The results were 
already expected due the large fibers core. Yet, it is worth to mention that the Bragg 
reflection spectra are highly dependent on the coupling made between the POF and the 
SMF-28e silica pigtail fiber. Therefore, for different axial alignments between the fibers, 
different modes in the multimode POFs will be excited and the spectrum will appear with 
other Bragg reflection peaks, depending that on the coupling coefficient between the silica 
fundamental core mode with the different modes allowed to propagate in the POFs. From 
                                                          
*
 Each spectrum presents a wavelength range of ~20 nm for comparison purposes between the fibers, 
however, the left part of the spectrum shown in (d), does not appear due the limitation of the wavelength 
range of the interrogator used in the experiment. 
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this behaviour, one may think on the problems associated with these fibers in a specific 
application. However, if a permanent joint splice is made, such as the one exploit in 
section 3.5.2, using a UV curable glue, the Bragg reflection spectrum will always show the 
same Bragg reflection peaks. 
Concerning the Bragg reflection spectrum obtained for the FM w/ Rh6G, shown in 
Figure 4.3.10 (c), it can be seen a single peak at approximately 1527 nm, however, the 
spectra presents also few Bragg peaks near the noise floor, and for specific alignments of 
the SMF-28e silica pigtail fiber, related to the POF it is possible to excite each of those 
modes with a higher coupling ratio. The phenomenon is similar to the one described before 
for the multimode mPOF, but now, there are only a few guided modes in this mPOF. 
Regarding the spectra obtained for the SM-125 (see Figure 4.3.10 (d)), it can be seen a 
single Bragg peak, which is in agreement with the former results obtained for the 
inscription with a 325 nm HeCd laser (see Figure 4.2.3). Additionally, from the simulated 
effective mode index (neff@1550 nm = 1.4631), it was expected by the Bragg relation, a Bragg 
peak centred at the wavelength close to 1511.3 nm, which is in agreement with the results 
obtained experimentally (Bragg ~ 1512.6 nm), being the difference probably due to the 
errors on the fiber structure dimensions used for the simulation, or also due to the 
estimation of the PMMA refractive index at 1550 nm. 
In the overall, the peak reflectivity shown by each Bragg reflection spectrum in Figure 
4.3.16, is different from fiber to fiber. This discrepancy can be mainly due to the 
following: first, the alignment of the mPOF microstructure against the UV laser beam 
might not be on the preferred angle [215]; secondly, the number of hole layers has 
influence on the UV radiation scattering, imposing restrictions on the amount of radiation 
that reaches the fiber core; thirdly, the different material properties arising from the 
production process and also dopants in case of the FM w/ Rh6G, may influence the 
inscription process and therefore, the final strength of the reflected signal; finally, 
differences on the confinement losses of each fiber and also on the coupling made (see 
section 3.5.1), influence the peak reflectivity. Still on Figure 4.3.10, it can be seen that the 
FBG written on the G3-250 appears with a higher peak reflectivity than the others. This 
discrepancy results mainly from the lower scattering regions present on this POF, allowing 
the penetration of most of the UV light into the core POF. 
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4.3.3 Fiber Bragg Grating Fabrication in SI-POFs and unclad POF 
The inscription of Bragg gratings have also been attempted in POFs with step-index 
profile. The fibers under experiment were the SM-MORPOF02 acquired from Paradigm 
Optics, Inc., and a MM-POF fabricated in LaFE facilities at Universidade Estadual de 
Campinas in Brazil, following a discontinuous process, described in section 2.5. The end 
face images of the fibers can be seen in Figure 4.3.11. 
 
Figure 4.3.11 Microscope images of the (a) SM-MORPOF02 and (b) MM-POF. 
Considering the commercial POF, the information provided by the manufacturer refers 
that the fiber presents a core diameter of 3.13 m, that is composed of PMMA doped with 
PS, and a PMMA cladding with 115 m. Additionally, it is known that the POFs numerical 
aperture is equal to 0.27, being the cutoff wavelength defined at 1100 nm. Therefore, a 
FBG in this fiber and intended to operate at 1550 nm is expected to present a single Bragg 
peak. 
Considering the multimode POF, it is based on a ZEONEX
®
 480R core and a PMMA 
cladding materials, being the dimension of 73.5 µm and 446 µm, for the core and cladding, 
respectively. In order to get an approximated value of the number of modes allowed to 
propagate in the fiber, it was used Equation 2.2.4 and Equation 2.2.6, considering a core 
refractive index value of 1.5133, estimated through the fit of the Sellmeier equation to the 
values presented in [96], and a cladding refractive index of 1.4794, taken from the 
Sellmeier coefficients given in [214]. The estimated number of modes allowed to 
propagate in the MM-POF is thus equal to 1.13 x 10
3
. Therefore it is expected a reflection 
spectrum with a wide spectral width. 
The inscription process was done following the procedures described in 4.3.1. For that, 
the fibers were annealed at 65 ºand 80ºC, for the SM-MORPOF02 and MM-POF, 
respectively. The annealing was made during 24 hours in order to remove any residual 
(a) (b) 
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stresses created during the fabrication process. The higher annealing temperature 
performed in the MM-POF was selected due the higher Tg of the COP core material. The 
POFBGs were intended for the 1550 nm region and a phase mask with a uniform period of 
1033 nm was used. The acquisition setup was based on the scheme shown on top of Figure 
4.2.2. Results concerning the inscription of the POFBG in the SM-MORPOF02 may be 
seen in Figure 4.3.12 (a) for the peak power growth and (b) for the final Bragg reflection 
spectrum. 
 
Figure 4.3.12 (a) Peak power growth during time and (b) Bragg reflection spectrum of a FBG written 
in a SM-MORPOF02. 
The POFBG has reached the saturation near 40 seconds after the laser has been turned 
on. The spectrum shown in Figure 4.3.12 (a) shows some peaks at around 1529 nm, 
contrary to the single Bragg peak expected. Possible reasons for such behaviour may arise 
from the imprecisions on the fiber core dimensions or in the amount of doping of the core, 
which inherently affects the number of modes allowed to propagate in the fiber core (see 
section 2.2.2). 
The inscription on the MM-POF revealed to be unsuccessful using the laser 
parameters described before, even for long exposure times. For that reason it was decided 
to use different pulse energy and repetition rates. Several attempts have been made, 
increasing the laser frequency and decreasing the power and also the opposite. In those 
trials, the reflection signal did not change during the irradiation. In the most extreme case it 
was used a laser repetition rate of 5 Hz, a pulse energy of 3 mJ and an exposure time of 
2 minutes, giving a total of 600 pulses and a total accumulated energy of 1.8 J. It is worth 
to mention that for such conditions, the fiber is partially etched, and small polymer debris 
arising from the surface of the POF are injected to the phase mask. However, microscope 
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inspection of the phase mask after a proper cleaning process made with the opticlean from 
First Contact
TM
, revealed no damages at the phase mask. Nevertheless, it is clear that those 
situations should be avoided. In view of the results, it was decided to visualise the 
irradiated zone of the MM-POF under microscope, respectively for the worst case 
mentioned (3 mJ, 5 Hz and 2 minutes exposure). The results may be seen in Figure 4.3.13. 
 
Figure 4.3.13 Microscope image obtained with a 100 X objective lens on the top of a SM-POF 
composed of a PMMA cladding and ZEONEX
®
 480R core. The fiber has been irradiated through the 
phase mask method using a phase mask period of 1033 nm and a 248 nm UV radiation with 5 Hz 
repetition rate and 3 mJ laser energy, during an exposure time of 2 minutes, giving a total accumulated 
energy of 1.8 J. 
From Figure 4.3.13, one can clearly observe a surface relief grating on top of the MM-
POF. The result was similar to the one observed by the group of Peng et al. [44], [45], in 
the first attempts of inscription of FBGs in PMMA rods. Regarding the distance between 
the contrast interference fringes, it was found a value of 2070 nm between two consecutive 
fringes, indicating thus a period of 1035 nm, which in turn reveals to be the same of that of 
the phase mask period plus additional error from the image resolution. The contrast fringe 
period found in the surface of the POF is twice the one predicted trough Equation 4.1.17. 
The reason for that is mainly due to the intrusion of the zeroth-order diffraction [44]. 
Attempts made to observe gratings with half the period of the phase mask under 
microscope were failed due to the low resolution and contrast of the obtained microscope 
images. The results led to conclude that the grating could not be written in the core MM-
POF mainly due the long optical path needed to travel by the UV pattern (i.e. ~223 m, 
considering the centre of the POF). 
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Advantages of using an optical fiber composed of a single material also referred in 
literature as no-core fiber, has revealed different applications such as in refractive index 
sensing [220], and liquid level detection [221]. On the other hand, COP material offer 
several opportunities when compared with other polymers reported in literature. Among 
them are the high water resistance (see Figure 2.3.4), the high glass transition 
temperature (Figure 2.3.3), the high yield strength and low density (Table 2.3.1), among 
others. Due to the reasons given before it was decided to remove the PMMA cladding of 
the fiber, in order to expose the COP core material. The inscription of Bragg gratings in the 
COP based no-core POF could benefit different applications and thus, the inscription of a 
POFBG in this type of fiber will also be explored. 
For the etching process, it is known that PMMA and COP have strong and weak 
chemical resistance to acetone, respectively (see Table 2.3.2), and based on the etching 
study previously reported for the connectorization process shown in Figure 3.3.1 it was 
decided to use this solvent to remove the PMMA cladding layer. Nevertheless, the 
preliminary tests made on this POF, showed that long exposure times to acetone gives rise 
to the formation of surface cracks at the surface of COP core material which inherently 
affects the guiding properties of the fiber. Therefore, the etching rate was monitored during 
time. The optical fiber overall diameter evolution can be seen in Figure 4.3.14. 
 
Figure 4.3.14 Evolution of the PMMA etching process necessary to expose the COP core material. 
From the inset pictures presented in Figure 4.3.14, it is clearly visible that the PMMA 
cladding surrounding the COP core material reduces its diameter with the etching time. 
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The etching rate was estimated through a linear fit adjusted to the data points, allowing to 
obtain a value of 5.18 µm/min. Thus, in order to completely remove the PMMA cladding 
layer it is necessary a period of about 70 minutes. 
After the etching process, the unclad fiber was studied for the POFBG inscription. For 
that, the same setup described previously and the same phase mask were used. However, 
the laser parameters were changed to 5 Hz repetition rate and keeping the same 
3 mJ energy. Additionally, an attenuator based on a fused silica plate was installed after the 
beam exit in order to attenuate the power in about 70 %. By increasing the laser frequency 
and reducing the laser power that reaches the fiber, the ablative processes were avoided. 
The tests revealed to be successful and a prove of that may be seen in Figure 4.3.15 (a) 
for the peak power evolution and Figure 4.3.15 (b) for the Bragg reflection spectrum 
acquired after the inscription. 
 
Figure 4.3.15 (a) Peak power evolution during the inscription process. (b) Reflection spectra taken 
after the POFBG inscription. 
As can be seen from Figure 4.3.15 (a), the Bragg reflection peak power starts to grow 
after 15 seconds from when the laser was turned on, and the peak power stabilizes after 
80 seconds, reaching a peak to noise level of about 25 dB. From the previous sections, it 
may be seen that PMMA based POFBGs have been written in periods of about 30 seconds 
for R = 1 Hz and E = 3 mJ, giving a total accumulated energy of 90 mJ. On the other hand, 
considering the present fiber material, it was necessary an accumulated energy of about 
360 mJ to reach the POFBG saturation, a value that is four times higher than the previous 
calculated for PMMA based POFs. However, it is important to note that the material is 
different and therefore, the type and amount of photosensitivity in the COP material may 
also be different. 
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Up to now in this dissertation, it was only shown the capability to write FBGs in 
PMMA based POFs (i.e. Figure 4.3.7; Figure 4.3.10 (a), (b) and (d)), and in PMMA doped 
with other elements such as: PS for the SM-MORPOF (see example in Figure 4.3.12), and 
Rh6Ge for the FM w/ Rh6G (i.e. Figure 4.3.10), with the 248 nm UV radiation. 
Concerning the 325 nm UV radiation, it was shown at the beginning of this section, the 
capability to write POFBGs in fibers composed of PMMA (i.e. Figure 4.2.3 and Figure 
4.2.8 (c) and (d)), and in fibers composed of PMMA and doped with PS (i.e. Figure 
4.2.8 (a) and (b)). Additionally, in literature considering the same UV radiation, it has also 
been shown the capability to write POFBGs in fibers composed of TOPAS
®
 [197] and 
polycarbonate [108]. Despite the interesting results regarding the inscription of FBGs in 
POFs based materials other than PMMA, there is lack of studies regarding the mechanisms 
behind the photosensitivity, being only known that a possible explanation for the PC 
photosensitivity as a photodegradation process [222]. Moreover, the same applies for the 
COP material being employed in the no-core fiber. Therefore, without any deeper study in 
the subject, it is not possible to explain the phenomenon behind the photosensitivity in this 
polymer material. 
4.3.4 Inscription of a POFBG Bragg Grating Array 
FBGs are ideal candidates for the detection of multiple sensing parameters, therefore, 
the opportunity to sense several zones simultaneously, is of great interest. To do that, it is 
only necessary to inscribe Bragg gratings with different grating periods at different 
locations along the length of the fiber. One common method to produce an FBG array is to 
use a single phase mask and applying different strains in the fiber prior to Bragg grating 
inscription. Another possible method that is more accurate and requires less effort is 
through the use of a specific phase mask for the desired wavelength. Due the availability of 
different phase masks for the C and L regions in our facilities it was chosen the second 
method. For the inscription process it was used the mPOF FM-250, previously used for the 
demonstration of POFBG inscription using 248 nm UV radiation in section 4.3.1. The 
procedure used for the inscription may be also found in this section. Nevertheless the laser 
repetition parameters were set to its minimum (1 Hz and 3 mJ), being the power 
additionally attenuated after passing through a fused silica plate attenuator, that was 
installed after the beam exit, in order to attenuate power in about 70 %. 
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The Bragg gratings were recorded in reflection through the detection scheme shown 
on top of Figure 4.2.2. The first Bragg grating was written at 4 cm from the free space 
coupling made to a silica SMF-28e pigtail fiber, and the phase mask employed has a 
uniform period of 1023 nm suited for 248 nm radiation. After inscribing the 1
st
 POFBG 
three others spaced 1 cm from each other were written. The period of the phase masks 
were chosen to be 1033 nm, 1061.48 nm and 1072 nm, for the 2
nd
, 3
rd
 and 4
th
 POFBG, 
respectively, allowing to have enough separation between them. The inscription of 
POFBGs in different locations in the longitudinal length of the mPOF was possible 
through the simultaneous movement of lens, slit and phase mask support, which are 
assembled in the ABL20100 linear stage shown in Figure 4.3.2 and Figure 4.3.5 referred 
with letter “N”. 
The peak power growth was seen in real time during the inscription process and can be 
seen in Figure 4.3.16 (a), while the final Bragg reflection spectrum can be seen in Figure 
4.3.16 (b). 
  
Figure 4.3.16 Inscription of a Bragg grating array in a FM-250 mPOF with R = 1 Hz and E ~1 mJ. (a) 
Peak power evolution of different FBGs during time. The arrows denote the time when the laser was 
switched off. (b) Reflection spectrum of the four POFBGs. 
In Figure 4.3.16 (a), it can be seen that POFBGs were inscribed in few seconds. However, 
the inscription time was three times higher than the one reported in Figure 4.3.7. In such 
inscription process it was considered a laser repetition rate of 1 Hz and pulse energy of 
3 mJ, giving a total accumulated energy of 60 mJ for the 20 seconds exposure time. In the 
present case, the energy was reduced to 1 mJ by the use of the attenuator. Therefore, 
considering an exposure time of approximately 60 seconds, it gives the same total 
accumulated energy of 60 mJ as in the case shown in Figure 4.3.7. The results prove that 
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the inscription time is a function of the laser energy and repetition rate as expected. From 
the results, and knowing that PMMA does not start ablation with the first laser pulse, even 
considering a wide fluence range [204], [223], one may expect the capability of inscribe 
Bragg gratings with a single excimer laser pulse as already reported in silica based 
fibers [224]. However, without a more powerful laser, it is impossible to experimentally 
verify the previous. 
From Figure 4.3.16 (b), one may see that the Bragg reflection spectrum appears with 
several peaks for the wavelength regions that satisfy the Bragg grating condition. This 
result is explained either by the different modes allowed to propagate into the fiber, but 
also due to the free space coupling made between the POF and silica fiber that allows 
preferential coupling to those modes. Still on Figure 4.3.16 (b), one may see that the 3
rd
 
Bragg grating has a peak reflection located at -28 dBm, therefore, considering the 
parameters previously used in the last paragraphs of section 4.3.1, which were: interrogator 
output power of -10 dBm; joint loss of 1.5 dB; circulator loss of 3 dB, and fiber loss of 
1 dB/cm, and considering that the POFBG is located 6 cm from the butt coupling (12 cm 
for the two paths), it can be found a reflectivity of 92 %, and a refractive index modulation 
of 2.1 x 10
-4
, for a 4.5 mm length POFBG. The values obtained here, were much better 
than the previous results obtained in section 4.3.1, for the same mPOF (R = 0.2% and 
nac = 4.9 x 10
-6
). The discrepancies are not due to the fluence used, but rather by the 
different phase mask qualities and most importantly by the orientation of the 
microstructure against the laser beam as already reported. One clear result showing that 
can be seen in Figure 4.3.16 (b), were the same fiber produces different grating 
reflectivities. 
4.3.5 Fiber Bragg Grating Fabrication at the Low Loss Region of Polymers 
Due the advantages of having a POFBG at the low loss region of polymers, their 
inscription considering the 248 nm UV radiation was under study in this work. The 
experiments were attempted in the 650 nm region, considering a phase mask with uniform 
period of 449.05 nm, suited for the 248 nm UV radiation. For that, the setup based on the 
phase mask technique previously described was employed (see Figure 4.2.1), and the 
measurement scheme shown on top of Figure 4.2.2 was used. The equipment used was 
based on a Fianium WhiteLase supercontinuum source (WL-SC400-2), a 1 x 2 - 3-dB 
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coupler (composed of a SM-600 fiber), and a spectrometer USB2000+VIS-NIR, from 
ocean optics, with a resolution of 0.1 nm. Numerical simulations revealed a SM behaviour 
at the 650 nm wavelength, where the fundamental core mode propagates with an effective 
mode index equal to 1.4870, which for the phase mask under study transduces in a Bragg 
reflection peak centred at 667.74 nm. For the inscription it was used different frequencies 
and fluences, however, none of the attempts revealed to be successful. A possible reason to 
explain the results could be explained by the high absorption at the visible region, as a 
result from the UV irradiation. In fact, it is well known that when PMMA is irradiated with 
UV radiation, different unsaturated species are formed as a result of the side chain scission 
of the polymer main chain [30], [33]. These chemical fragments are known to have high 
absorbance at the UV region, and as a result, the light transmittance is well reduced [33], 
[200], [225]. Küper and Stuke revealed that samples irradiated under 248 nm UV radiation 
revealed a high absorbance at the UV region with a tail extending to the visible 
region [33]. Therefore, considering an additional theoretical joint splice loss between the 
SMF-28e and the SM-125 fiber of 7 dB at 650 nm
*
, there is a possibility of too much 
insertion loss for the visibility of the Bragg grating reflection spectrum. 
Due to the absence in our facilities of other small period phase masks suited for the 
248 nm UV laser, and allied to the high cost involved in the acquisition of one of those 
phase masks, it was decided to use the previous reported phase mask with period of 
557.2 nm suited for the 325 nm UV laser. One obvious consequence of using a different 
UV light from which the phase mask was intended, is the amount of zeroth order that will 
arrive at the fiber which leads to have detrimental effects on the quality of the Bragg 
gratings, including the change in the gratings period and the possibility to have a 
nonuniform distribution of the grating structure [44]. 
The laser repetition rate and fluence were set to 1 Hz and 33 mJ/cm
2
 and the reflection 
Bragg grating was seen in real time. Despite the predictions pointing to a frustrated result, 
the Bragg reflection peak appeared a few seconds after the laser was turned on, reaching a 
maximum peak power in the next few irradiation pulses. Then, the Bragg reflection peak 
power started to decrease and for that reason the laser was turned off. From the instant 
when the laser was switched off, the peak power become stabilized. The results concerning 
                                                          
*
 Calculated from Equation 3.5.7, being w obtained from Equation 3.5.2 with g = 8 and VPCF estimated from 
Equation 2.2.8 using SM-125=2.9 m and nco = 1.487008 and ncl = 1.482352 from numerical simulation. 
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both peak power and spectra evolution can be seen in Figure 4.3.17 (a) and (b), 
respectively. 
  
Figure 4.3.17 (a) Evolution of the Bragg reflection peak power (a) and spectra (b), of a POFBG 
inscription in a SM-125 mPOF using a 248 nm UV radiation and a phase mask suited for 325 nm UV 
laser, with uniform period of 557.2 nm. 
As can be seen from Figure 4.3.17 (b), the Bragg reflection spectra has a single peak at 
around 825 nm, which is in accordance with the predictions from the Bragg condition (i.e. 
(Bragg ~ 824.7 nm) using the effective mode index arising from the numerical 
simulations (~1.4804). Concerning the peak power decrease after 30 seconds, it is possible 
to explain the phenomenon as the contribution of the zeroth order, which is expected to be 
high, as explained before. Despite the optimistic results presented here, it is worth to 
mention that the Bragg grating inscription using this phase mask revealed unsuccessful 
results for most of the preceding tests. 
4.3.6 Fiber Bragg Grating Fabrication in HiBi mPOFs 
Highly birefringent (HiBi) microstructured fibers are a special type of fibers where the 
geometry imposes two effective refractive index values, one for each of the orthogonal 
axes. Compared to conventional polarization maintaining (PM) fibers, birefringence 
arising from microstructural asymmetries has several interesting features. Among them are 
the higher birefringence that can be achieved [226], and the relative temperature 
insensitivity, which is an important benefit for sensing applications. To create this kind of 
fiber structure, the symmetry of the hexagonal structure in the microstructured cladding 
needs to be broken. The practical implementation of this kind of structures in POFs is easy 
to create with flexible technologies, such as drilling (see section 2.5.3.2), and preform 
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casting (see section 2.5.3.4). Thus, different PM microstructured polymer optical 
fibers (PM-mPOFs) have been created, exploring different properties, such as high 
birefringence in the visible and near infrared regions [227], [228], where the fiber losses 
are acceptable for short length fiber devices. 
Fiber Bragg gratings written in HiBi silica fibers have interesting properties involving 
the possibility to reflect different wavelengths for each polarization mode. Hence, some 
applications have been proposed regarding its advantages, such as in the sensing 
field [229], and optical communications [230]. Thus, combining the Bragg grating 
technology with PM-mPOFs can bring new opportunities due to the special properties of 
the polymers related to silica. 
To date the effects of UV radiation on the birefringence in different POFs, including 
an HiBi mPOF, were already reported [191]. However, the tested HiBi-POF has a narrow 
PMMA core due to the existence of two close large holes. Consequently, the fiber does not 
allow light propagation in the central region of the core, instead, the propagation is done as 
a dual core fiber. Furthermore, the results were obtained with 325 nm UV radiation, where 
tens of minutes are needed. Hence, a demand to improve such achievement is still 
necessary. 
In this study, the effective refractive index of the two polarization modes, obtained 
from simulation results, will be used to estimate the phase birefringence (B) of two 
different PM-mPOFs. The results show that the Bragg peak separation of the two 
resonance wavelengths will be clearly seen at the near infrared (NIR) region, due to the 
high B obtained. Based on that, and taking into account the high capabilities provided by 
the 248 nm UV radiation as shown in the previous sections, different Bragg gratings in two 
different PM-mPOFs will be explored at the 1550 nm region. 
4.3.6.1 Fiber Properties 
The fibers used in the study are composed of undoped PMMA and they were supplied 
by InPhoTech (structure 1) and Universidade Estadual de Campinas (structure 2). They are 
polarization maintaining fibers, where the birefringence is created by the different holes 
structure around the core region, building an effective refractive index difference between 
the two orthogonally polarized modes. The mPOF structure 1 has 250 m cladding, 
5 m x 8 m core and 3 layers of holes spaced by a pitch of 5.3 μm, where the large holes 
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have a diameter near 6 μm, and the smaller ones approximately 3.5 μm. For the mPOF 
structure 2, the external diameter is 270 μm. It has 6 layers of small holes and 2 larger 
holes side by side in the central region. The diameters of the large holes, small holes and 
pitch are 6.3 μm, 3.2 μm and 6.3 μm respectively, giving a core dimension of 
6.5 μm x 8.6 μm. The attenuation at the NIR for both mPOFs is estimated to be the same 
value of the bulk PMMA, which is around 1 dB/cm. Prior to the inscription, both ends of 
the 20.6 cm long PM-mPOFs were cleaved by hand with a hot blade and polished 
following section 3.4 in order to give a smooth flat end face (see Figure 4.3.18 (a) and (b), 
for the mPOF structure 1 and Figure 4.3.18 (g) and (h) for the mPOF structure 2). The 
fibers were also annealed at 65 ºC for 24 hours, to remove any residual stresses created 
during the fabrication process and also to remove possible twists present on it. 
4.3.6.2 Numerical Simulations 
In order to know the theoretical B of the PM-mPOFs, a numerical simulation was 
carried out in a two-dimensional full-vector finite element model. Using the dimensions of 
the mPOFs end face microscope images (i.e. Figure 4.3.18 (a), (b) for the mPOF structure 
1 and (g), (h) for the mPOF structure 2), it was possible to draw the fiber geometries of 
each fiber (see Figure 4.3.18 (c) and (i) for the mPOF structure 1 and 2, respectively). The 
refractive index of the PMMA material used for the simulation was calculated from the 
coefficients of the Sellmeier equation given in [214], while the refractive index of air was 
equal to one. From the simulation results, the effective mode index of the fundamental 
mode, for each polarization state was calculated (see Figure 4.3.18 (e) and (f) for mPOF 
structure 1, and Figure 4.3.18 (k) and (l) for mPOF structure 2). Moreover, the computed 
higher order modes were located at the microstructured cladding and the calculated 
confinement loss reach values of several dB/m. The phase birefringence was then obtained 
by taking the difference between the effective indices of the two polarization modes, for 
each wavelength: 
 xeffyeff nnB ,, -  
Equation 4.3.1 
where neff,x and neff,y, are the effective refractive indices of the x and y axes of the fibers, 
respectively.  
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Figure 4.3.18 (a), (b), Microscope images of the HiBi-mPOFs, for structure 1 ((a), (b)) and structure 2 
((g), (h)), with different magnifications; (c), (i), refractive index profile of the drawn structures, 1 and 2 
respectively, where the blue regions refer to air and the red region to PMMA; (d), (j) are the near-field 
images (@1550 nm) recorded at the output of the PM-mPOFs, for the mPOF structure 1 and 2, 
respectively; simulated effective mode index (@1550 nm), for the fast and slow axis of the: mPOF 
structure 1 ((e), (f)) and for the mPOF structure 2 ((k), (l)). 
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The theoretical phase birefringence calculated for each fiber structure can be seen in 
Figure 4.3.19 for the black star and blue circle markers, for the mPOF structure 1 and 2, 
respectively. As can be seen higher values of B were obtained for longer wavelengths as 
expected. Therefore, Bragg gratings were recorded at those wavelengths can offer better 
results concerning the separation between the two resonance Bragg peaks. However, this 
comes at a cost of higher material losses (see the PMMA losses at the NIR for PMMA in 
Figure 2.6.6). 
From the data obtained for B for both fiber structures, it was adjusted a third order 
polynomial curve, as can be seen in Figure 4.3.19 by the continuous black and dashed blue 
thick lines, for the mPOF structure 1 and 2, respectively. From the third order fit, it was 
possible to obtain B values ranging from 3.4 x 10
-4
 and 4.2 x 10
-4
 for the mPOF structure 1, 
and 1.6 x 10
-4
 to 2 x 10
-4
 for the mPOF structure 2, for the wavelength range between 1500 
and 1600 nm respectively. 
 
Figure 4.3.19 Phase (B) and group (G) birefringence, obtained from numerical simulations of the 
effective mode indices, as well as from the wavelength scanning method. 
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Using the polynomial adjustment, it was possible the calculation of the group 
birefringence (G), through the formula [231]: 
 


d
dB
BG -
 
Equation 4.3.2 
The correspondent results are shown on Figure 4.3.19, represented by the continuous black 
and dashed blue, thin lines, for the mPOF structure 1 and 2, respectively, located at the 
button part of the graph. 
4.3.6.3 Wavelength Scanning Method 
In order to corroborate the simulation with experimental results, the wavelength 
scanning method [232] was employed to measure the phase and group birefringence of the 
two fiber samples. The characterization was intended to include both visible and near 
infrared regions. To cover the whole spectral region, a supercontinuum (SC) signal, 
generated by pumping femtosecond laser pulses into a PCF was employed. However, due 
to the POFs high attenuation at 1550 nm region, the power of the SC source was not 
enough to pass through the 20.6 cm length of the mPOFs and thus, a superluminescent 
light emitting diode (SLED) (ofls-6 from Safibra
®
), operating at 1550 nm region and with 
100 nm bandwidth, was employed. The schematic of the setup used for the characterization 
can be seen in Figure 4.3.20, where it can be seen a broad band light source at the left, and 
an optical spectrum analyser (Ando AQ-6315A) at the right, together with objectives for 
light coupling and two linear polarizers at each end of the POF under test. The polarization 
can be adjusted by rotating the polarizers allowing to produce a spectrum with oscillations 
of period , due the beating occurring between the two polarization modes. 
 
Figure 4.3.20 Schematic of the wavelength scanning method used to characterize the HiBi-mPOFs. 
The measurements taken with the SC source for the region between 700 to 1300 nm for 
two different polarization states, can be seen in Figure 4.3.21 (a) for the mPOF structure 1 
HiBi mPOF 
under test 
Polarizer 
OSA 
Broadband 
source 
Objective 
Polarizer 
Objective 
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and Figure 4.3.22 (a) for the mPOF structure 2. On the other hand, the results taken with 
the SLED, for two different polarization states, can be seen for the region between 1500 
and 1600 nm in Figure 4.3.21 (c) for the mPOF structure 1 and Figure 4.3.22 (c) for the 
mPOF structure 2. 
  
  
  
Figure 4.3.21 Results concerning the polarization mode beating, obtained for the mPOF structure 1. 
{(a), (b)} were obtained using the SC source, while {(c), (d)} were obtained using the SLED source. {(a), 
(c)} represent the results collected for two states of polarization, where the spectral interferences 
appear at the angle 2. {(a), (d)} represent the normalised spectra for the polarization mode beating, 
where the marker points define the peak wavelength maxima. 
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Figure 4.3.22 Results concerning the polarization mode beating, obtained for the mPOF structure 2. 
{(a), (b)} were obtained using the SC source, while {(c), (d)} were obtained using the SLED source. {(a), 
(c)} represent the results collected for two states of polarization, where the spectral interferences 
appear at the angle 2. {(a), (d)} represent the normalised spectra for the polarization mode beating, 
where the marker points define the peak wavelength maxima. 
As can be seen in Figure 4.3.21 (a), (c) and Figure 4.3.22 (a), (c), there is no 
polarization mode beating for one of the polarization angles (i.e. 1), and the beating 
appears when the polarization is rotated (i.e. 2),. This reveals that the beating comes from 
the fiber birefringence. The results concerning the polarization mode beating are then 
normalized to the input power and can be seen in Figure 4.3.21 (b) and (d) for the mPOF 
structure 1 and Figure 4.3.22 (b) and (d) for the mPOF structure 2, respectively for the SC 
and SLED test results. 
From the polarization beat length, which is defined as: 
 LLB



 
Equation 4.3.3 
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where  is the distance between two consecutive maxima or minima,  is the central 
wavelength of the scan, and L is the actual length of the fiber, it is possible the calculation 
of the group birefringence, by: 
 
BL
G

-
 
Equation 4.3.4 
The calculation of G was made considering  from the wavelength peak maxima that 
appears due to the polarization mode beating, shown by asterisk markers in Figure 
4.3.21 (b) and (d) and Figure 4.3.22 (b), (d), for the mPOF structure 1 and 2, respectively. 
The results are then shown in Figure 4.3.19 for the red star and green circle markers, for 
the mPOF structure 1 and 2, respectively. Additionally, from the same figure, it can be 
seen good agreement between G found experimentally and G obtained from the simulation 
results. It is worth to mention that the missing points in Figure 4.3.19 were related with the 
imperfections from the SC source as well as the high attenuation of PMMA at longer 
wavelengths, compromising the detection of the beat signal. Based on the assumption that 
the phase birefringence follows a power law dependence with wavelength: 
 kB   Equation 4.3.5 
where  and k are fitting constants, it was possible the calculation of the phase 
birefringence as [233]: 
 
1-
-
k
G
B 
 
Equation 4.3.6 
The results concerning the calculated phase birefringence obtained from the wavelength 
scanning method can be seen on top of the graph shown in Figure 4.3.19, for red and green 
thick dashed lines, for the mPOF structure 1 and 2, respectively. 
In order to confirm that B and G are of opposite signs it was used the lateral force 
method, where a point pressure is applied at a point L and L + dL, following the procedure 
mentioned at [228] and shown in Figure 4.3.23. 
2017 
Novel Techniques and Devices for Optical Communications and 
Sensing Technologies 
 
154  
 
 
Figure 4.3.23 Schematic illustration of the lateral force method, used to prove that B and G are of 
opposite signs. (adapted from [228]). 
The spectral interferences arising from the wavelength scanning method for the two 
cases is shown in Figure 4.3.24 (a) and (b), for the mPOF structure 1 and 2, respectively. 
  
Figure 4.3.24 Change of the spectral interferences at the 1550 nm region, when a weight is placed in 
two different regions of the fiber; (a) is referred to mPOF structure 1 and (b) is referred to mPOF 
structure 2. 
As can be observed from Figure 4.3.24, the spectra of both fiber structures is blue shifted 
when the point pressure was applied at an increase of L. Therefore, it was concluded that B 
and G are of opposite signs. 
4.3.6.4 Bragg Grating Inscription 
The Bragg gratings were inscribed with the KrF UV laser which has demonstrated 
good results in the Bragg grating inscription in mPOFs (i.e. sections 4.3.1 and 4.3.2). The 
gratings were monitored in reflection by an interrogation system, using the measurement 
scheme shown on the button part of Figure 4.2.2. A temporary connection was made using 
an SMF-28e silica pigtail fiber cleaved at an 8º angle and the HiBi-mPOFs. A 40 X 
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source 
Objective 
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magnification lens, followed by a beam profiler, was placed at the end of the polished 
mPOF to check if the modes were being propagated in the fiber core (see Figure 4.3.18 (d) 
and (j)). After proper alignment of the silica pigtail related to the mPOF, to ensure mode 
propagation in the core of the mPOF, the excimer laser was turned on with a repetition rate 
of 1 Hz and pulse energy of 3 mJ. At the same time, the grating growth was seen in real 
time by the interrogator, allowing to decide when the UV laser should be turned off. 
Two phase masks suited for 248 nm UV radiation were used for the grating 
inscription, respectively with periods of 1033 and 1061.56 nm, allowing to have two Bragg 
gratings at different wavelengths. The gratings were written in a few seconds to avoid 
saturation but with enough time to have high quality gratings. After the grating inscription, 
two clearly separated Bragg peaks appeared at the wavelengths that satisfy the Bragg 
condition. 
In order to verify the sensitivity of the reflection spectra to the incident polarization 
state of light, the schematic shown in Figure 4.3.25 was used. 
 
Figure 4.3.25 Experimental setup used to measure the effect of the polarization angle on the HiBi 
POFBGs reflection spectrum. 
In the experimental setup shown in Figure 4.3.25, a polarization controller is placed 
after the interrogator and before the silica pigtail fiber, which is butt coupled to the mPOF. 
After collecting the different reflection spectra for the different polarization states, there 
was clear evidence of a PM behaviour for the different HiBi-mPOFs. The correspondent 
linear spectra can be seen in Figure 4.3.26 for three different polarization states of light, for 
the mPOF structure 1 (Figure 4.3.26 (a) and (b)) and structure 2 (Figure 4.3.26 (c) and (d)).  
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Figure 4.3.26 Linear reflection spectra obtained at different states of polarization for two different 
regions (~1520 nm and ~1560 nm). Left and right images correspond to the inscription with 1033 nm 
and 1061.56 nm phase masks, respectively. The top and bottom images are referred to mPOF 
structure 1 and 2, respectively. 
From the Bragg peak separation shown in Figure 4.3.26, it is possible the calculation 
of the phase birefringence thought the following deduction: 
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Equation 4.3.7 
where Λ denotes the period of the POFBG. The results concerning the phase birefringence 
calculated thought numerical simulations, wavelength scanning method and Bragg peak 
separation are summarized on Table 4.3.1. 
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Table 4.3.1 Phase birefringence analysis 
Bragg 
wavelength (nm) 
mPOF BTheo. 
(x 10
-4
) 
BExp.(beat sig.) 
(x 10
-4
) 
BExp.(B) 
(x 10
-4
) 
1522 
Structure 1 3.5 3.9 3.8 
Structure 2 1.6 2.1 3.3 
1563 
Structure 1 3.8 4.2 3.8 
Structure 2 1.9 2.1 3.8 
As observed from Table 4.3.1, the phase birefringence is similar for all the experiments. 
Nonetheless, the values obtained from the Bragg peak separation have some deviations 
from the two other methods. This result was due to different contributions; first the written 
POFBGs may have some additional birefringence from the inscription process, as already 
reported [191]. Additionally, the POFBGs have 4.5 mm in length and the phase 
birefringence calculated from the Bragg peak separation is only a function of this short 
length of the fiber. Moreover, B estimated from G for the wavelength scanning method, is 
the result of the mean birefringence in the whole fiber length (20.6 cm). This is extremely 
important since the current mPOF manufacturing process have still problems in 
maintaining the integrity of the dimensions during the fiber fabrication. This will add also 
some errors for the simulated B, since the dimensions were taken only from one image at 
the tip of the mPOFs. The estimation of the structures dimension from the microscope 
images has also errors from the detection software and also from the resolution of the 
cameras. Furthermore, the method used to calculate B through G was based on the 
assumption that B follows a power law dependence with wavelength, which is not strictly 
true. 
While the POFBG spectra obtained for both mPOFs are quite similar, it is important to 
mention that due to the different holes structure present on the two mPOFs, it is expected 
that they will present different responses to external conditions such as bending or lateral 
stress. 
4.4 Summary 
In this chapter, it was given in a first instance a generic introduction about the 
photosensitivity mechanisms of PMMA under UV radiation. The different types of fiber 
Bragg gratings and their principles were then followed. Two different fabrication 
techniques were then introduced, being the phase mask technique employed in the next 
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subsections for the inscription of POFBGs using the most used 325 nm HeCd laser and 
also the 248 nm KrF UV laser. Regarding the previous, the inscription was demonstrated in 
single-mode POFs, either step-index and microstructured, for different spectral windows, 
respectively 1550 nm and 850 nm, being the later the most preferred one due the low loss 
of polymers at that spectral window. The grating growth behaviour was analysed during 
the inscription process revealing similar characteristics as the ones reported in literature. 
The Bragg gratings created were described as type I at the beginning of the grating growth, 
and type II for the second grating growth regime. It is believed that the mechanisms behind 
the photosensitivity were due to the scission of the PMMA main chain which leads to a 
shorter molecule chains creating a higher degree of freedom and consequently lower 
density, i.e. decreased refractive index. Additionally, the gratings revealed good spectral 
characteristics, being suitable essentially for sensing applications. 
One obvious limitation of the POFBG inscription under 325 nm UV radiation is the 
long inscription time needed to write a single POFBG. Knowing that the photosensitivity 
increases for deeper UV wavelengths, allied to the literature results concerning the PMMA 
refractive index changes under deep UV radiation, it was decided to use a 248 nm KrF UV 
laser for the POFBG inscription. The inscription setup was mounted and the laser 
parameters were carefully chosen. The demonstration of a POFBG in a few mode mPOF 
was then shown with a record inscription time of less than 30 seconds. The inscription 
process revealed to be fast and feasible, avoiding constrains related with the stability of the 
mechanical setup during the inscription process which occurs for the POFBG inscription 
under 325 nm UV radiation. The fast growth was related with the high absorption/high 
photosensitivity of the PMMA under 248 nm UV light. The key factors for the success 
were the use of low fluence, low repetition rate and also low number of pulses in contrast 
with the reported in literature [45]. Thus, the refractive index modulation was done during 
the incubation phenomenon well below the PMMA ablation threshold. The created 
POFBG is believed to be of type I, evidences from that are the absence of high losses at the 
short wavelength side of Bragg reflection spectra. Microscope image of the fiber for long 
UV exposure has also revealed no damages, which corroborates with a type I Bragg 
grating behaviour. Concerning the refractive index changes, it is believed that the main 
process involved in the refractive index modification of the PMMA fiber were a result of 
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the photodegradation of the polymer main chain as also concluded for the 325 nm UV 
radiation. 
Furthermore, the phase mask setup created for the inscription of POFBGs with the 
248 nm UV radiation was also employed to write POFBGs in other mPOFs, SI-POFs and 
Hi-Bi-POFs. The capability to write a POFBG array in an unclad fiber based on a COP 
polymer material was also analysed. Regarding the inscription of FBGs in HiBi-POFs, it 
was first analysed the wavelength window where the phase birefringence is higher. For that 
both numerical simulations as well as the wavelength scanning method were used. From 
those results it was concluded that high birefringence is achieved at the infrared region. 
POFBGs were then written at that region, revealing two Bragg peaks for each orthogonal 
polarization. The separation between these two peaks was then used to calculate the phase 
birefringence in order to compare the results with the ones obtained by the simulations and 
the ones based on the wavelength scanning method. 
In the overall, the 248 nm UV radiation showed that common Bragg grating systems 
designed for silica fibers can be used to inscribe POFBGs, paving the way for a more 
intense use of POFBGs in both telecommunications and sensors industries. 
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Chapter 5 
5. Sensing With Polymer Fiber 
Bragg Gratings 
5.1 Introduction to POFBG Characterization 
FBGs can be used for sensing, by monitoring the dependence of the Bragg reflection 
wavelength with an external parameter to be sensed, designated here as X. The functional 
dependence of the Bragg wavelength can be calculated following the Bragg relation shown 
in Equation 4.1.1, as [212]: 
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Equation 5.1.1 
which may be expressed as: 
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Equation 5.1.2 
here Bragg is the initial Bragg wavelength, and X can be strain (), temperature (T), 
hydrostatic pressure (P), humidity (RH), or refractive index of the cladding (ncl). The first 
and second term in parentheses, are the expansion coefficient and the induced refractive 
index change due to the external parameter, respectively. 
The POFBGs experimental characterization to strain, temperature, humidity and 
refractive index will be explored in the next sections. For that, the mPOFs (SM-125, FM-
250, FM w/ Rh6G and G3-250) will be used. First the fibers are annealed at 65 ºC during 
24 hours in order to remove the residual stresses produced during the fiber fabrication, 
which is a good practice, since the internal strains left during the drawing process can be 
removed. The end face preparation of the fibers is done through the polishing procedure 
described in section 3.4, the silica to POF coupling process through the UV curable glue 
following section 3.5, and finally the grating inscription through the 325 nm and 248 nm 
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UV laser, described in sections 4.2 and 4.3, respectively. The characterizations will be 
performed in reflection using an interrogation system (Micron Optics 125-500), with 
wavelength accuracy of 1 pm. 
5.2 POFBG Strain Sensing 
For the implementation of POFBG as a strain sensing device, it is necessary the 
knowledge of how the fiber will respond when subjected to strain, or what are the strain 
and stress limits, among others. One common method used to get such knowledge is by the 
implementation of a tensile test to the sample under study. By doing that, parameters such 
as the elastic and plastic limit, the Young‟s modulus, among many others can be accessed. 
For that reason the next subsections will address such concerns. 
5.2.1 POFs Mechanical Properties 
In literature there are a variety of works regarding the study of the structural and 
mechanical properties of SI-POFs composed of different materials, diameters or drawn 
conditions [15], [73], [101], [234]. However, for microstructured designs there is lack of 
information. Allied to that, it is necessary to know the specific characteristics of the POFs 
that will be subject to the strain characterization tests. For that reason, it was decided to 
characterise different POFs available from different suppliers such as the ones supplied 
from Kiriama Pty Ltd., all mPOF (SM-125, MM-150, SM-320 and G3-250), and the ones 
from Paradigm Optics, Inc. all SI (MM-MORPOF01 and SM-MORPOF02). 
One way to find mechanical properties of a material is through a tensile test, which 
consists in measuring how much the material will deform (L) at distinct intervals of 
applied force (F). Depending on the Poisson´s ratio, the material can exhibit a substantial 
change in its cross sectional area (Am). If one assumes that the material does not change its 
Am during the tensile test, then it is possible to define the elongation and force equivalent 
as: 
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L
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Equation 5.2.1 
where e and e defines the engineering stress and strain respectively, being L0 the initial 
length of the sample. On the other hand, if the material exhibits a significant change in Am 
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(e.g. polymer materials), it is preferable to define the true stress (tr) and the true 
strain (tr), which are related to the instantaneous dimension of the sample as: 
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Equation 5.2.2 
By plotting the stress as function of strain, it is possible to find the characteristic stress-
strain curve of the material under experiment, which can reveal different parameters. 
Among those, is the elastic limit, which is defined as the property of the material to return 
back to the original position after the load is removed. Furthermore, in the elastic limit, it 
can be found the proportional limit that consists on the initial part of the stress strain curve 
for which the stress and strain remains proportional. The constant of proportionality is 
called Young‟s modulus and it is a measure of the stiffness of a material. In some materials 
such as glass, the elastic limit coincides with the proportional limit. On the other hand, 
materials like polymers will exhibit two distinct regions governed initially by a linear 
behaviour followed by a non-linear one. The elastic limit finishes at the so-called yield 
point, which is defined as the stress and strain value at which the material will deform 
plastically, meaning that the material will start to deform permanently and non-reversible 
until breakage. This plastic regime is only observable in ductile materials like structural 
steel or polymers, but materials like cast iron or glass show a brittle behaviour, where it is 
impossible to find the yield point, since the material reaches its rupture limit at the end of 
the elastic region. 
5.2.2 POFs Mechanical Characterization 
In order to access the mechanical properties of the POFs, it was employed a traction 
machine (Autograph, AGS-5kND, Shimadzu (see Figure 5.2.1 (a)). To hold the fiber 
terminals to the traction machine clamping tools, it was used aluminium supports, with 
dimensions of 2 x 1 cm containing a v-groove at the centre of the long axis. The POFs 
were secured to these supports by using cyanoacrylate glue (see Figure 5.2.1). The length 
of each POF sample, between the two aluminium v-grooves was 9 cm. The fibers diameter 
can be seen in Table 3.4.1, except for the SM-MORPOF02 which was purchased from 
Paradigm Optics, Inc., and has 115 m PMMA cladding and a 3.13 m PMMA core doped 
with PS. 
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Figure 5.2.1 (a) Clamping tools of the traction machine (Autograph Shimadzu AGS-5kND) used for 
the stress-strain characterization (the fiber is highlighted with a white trace since it is too small to be 
seen); (b) POF samples glued at the terminals to the aluminium v-grooves. 
After the fixation of the aluminium v-grooves in the traction machine clamping tools, 
the characterization was initialized. A total of five tests were performed for each fiber type 
at a velocity of 5 mm/min, corresponding to 0.6 min
-1
. The results concerning the true 
stress-strain curves were very similar for each fiber sample, but very distinctive between 
the different fibers under study. The true stress-strain curves off different fibers obtained 
for one of the five tests is shown in Figure 5.2.2. 
 
Figure 5.2.2 True stress-strain curves obtained at constant velocity of 0.6 min
-1
, for two SI-POFs (MM-
MORPOF01 and SM-MORPOF02) and four mPOFs (SM-125, SM-320, MM-150, G3-250), with initial 
lengths of 9 cm. 
(a) (b) 
v-groove 
POF 
Holder 
POF 
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As can be seen in Figure 5.2.2, the true stress-strain curves of all the fibers under 
study, present two distinct regimes, respectively the elastic at the initial stress-strain curve, 
followed by a plastic regime, until the fiber breaks. However, the curves present different 
behaviours, Young‟s modulus, yield point, tensile strength and failure strain. 
In order to measure the Young‟s modulus, the proportional limit of the curves was 
confined to the initial part of the curve, in the strain range of 0 to 1.3 %. For the calculation 
of the yield point it was assumed a conventional strain amount of 0.2 % to produce a 
permanent deformation. Therefore, a parallel line to the one found in the proportional limit 
was drawn with its origin at 0.2 % and slope equal to the one found for the Young‟s 
modulus. The intersection between the two curves is then defined as the yield point (see 
the example shown in Figure 5.2.3 for the fiber MM-MORPOF01). For the tensile strength 
and failure strain, they were calculated as the largest stress and strain, respectively, that the 
material has experienced during the entire tensile test. 
 
Figure 5.2.3 Method used for the determination of the yield point, executed for the fiber MM-
MORPOF01. 
The different mechanical properties collected from the different true stress-strain curves 
can be seen in Table 5.2.1. 
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Table 5.2.1 Mechanical properties of different POFs, taken from the true stress-strain curves. 
Property 
POFs 
MM-
MORPOF01 
(250m) 
SM-
MORPOF02 
(115m) 
SM-125 
(125m) 
SM-320 
(320m) 
MM-150 
(150m) 
G3-250 
(250m) 
Young‟s Modulus (GPa) 3.05 3.40 3.87 3.20 4.73 3.50 
Yield strength (MPa) 52.15 59.35 70.36 57.30 85.25 63.21 
Tensile strength (MPa) 155.29 93.41 194.06 116.06 184.85 140.84 
Yield strain (%) 1.83 1.84 1.90 1.94 1.90 1.98 
Failure strain (%) 46.25 32.66 17.46 23.22 15.56 14.17 
It is known that the fiber diameter plays an important role in the fiber tensile strength, 
where a higher tensile strength is expected for thinner fibers [101]. While this could be true 
for the fibers SM-125 and MM-150, it cannot be applied to the SM-MORPOF02, since it 
has the lowest tensile strength and fiber diameter. 
Other parameters that can influence the mechanical properties of the stress-strain 
curve are the material composition and the microstructures present in the fiber. Regarding 
the previous, the POFs under study are mostly composed of PMMA, excepting the SM-
320, which has a PC reinforcement overcladding surrounding the PMMA mPOF, no 
conclusion about this parameter can be taken. Regarding the microstructures, they can act 
as defect centres in the POF structure, and probably for that reason they have shown failure 
strains below than the ones found for SI fibers such as the MM-MORPOF01 and SM-
MORPOF02 (please check Table 5.2.1 and Figure 5.2.2). 
Additionally to the diameter, materials, shapes and microstructures present in the fiber, 
there exists an important aspect common to all fiber types that has a huge impact on the 
mechanical properties of POFs. Such aspect is related with the fibers drawing 
conditions [101]. In fact, studies revealed that a fiber drawn under low temperature will 
need to be pulled with higher drawing force, resulting in an increase of the polymer chain 
alignment along the fiber length, and thus, an increase of the longitudinal mechanical 
strength [101]. While this allows the creation of a strengthened material, it will also allow 
the presence of a higher degree of brittleness and high birefringence. One way to decrease 
the chain alignment is to anneal the fiber below the glass transition temperature of the fiber 
material, allowing a strain relaxation by releasing the uneven stored energy, creating a 
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material more isotropic. By doing an annealing process, Jiang et al. [101], reported a fiber 
with lower Young modulus, yield strength and tensile strength, but with superior ductility. 
Regarding the results shown in Figure 5.2.2 and the parameters taken from those 
curves shown in Table 5.2.1, it can be assumed that the fibers SM-125, MM-150 and G3-
250 where drawn under low temperature and high tension. These assumptions are related 
with the high tensile strength, high yield strength and low ductility. On the other hand, the 
yield strain is similar to all fibers, reaching a value almost close to 2 %. Therefore, it is not 
surprising to find a slightly higher Young‟s modulus for these three fibers. Concerning the 
use of the fibers in strain sensing applications, one needs to keep in mind the value of the 
yield point. This point reveals to be crucial, since above this limit, the fiber will deform 
permanently, affecting thus the light transmission through the fiber [105]. However, since 
POFs can reach high elongations at break [103], they have potential use in large 
deformations such as the ones found in structural health monitoring [104]. Although, the 
use of POF sensors in those situations cannot be employed using intensity approaches, 
instead other sensing technologies like the ones based in wavelength, phase or polarization 
should be employed. 
Another key aspect to take into account when designing a POF sensor in stress-strain 
application, is the strain rate in which the sensor will be subjected. Jiang et al. [101], 
demonstrated that the yield strength and tensile strength increases with increasing strain 
rate, achieving a plateau after a specific strain rate. Regarding the fibers under study, it was 
obtained the same conclusions, being one example of such results shown in Figure 5.2.4 
for the fiber MM-MORPOF01 at strain rates of 0.6, 1.1 and 2.2 min
-1
. 
The explanation behind the observed behaviour is that at lower strain rates the PMMA 
material has the natural capability to conform to load, allowing higher ductility and lower 
strength. On the contrary, using high strain rates the internal viscosity may not 
accommodate the rate of loading and the fiber fails in a brittle mode, probably initiated by 
internal or surface flaws that act as stress concentrators [101]. 
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Figure 5.2.4 True stress-strain curves obtained for the MM-MORPOF01, at strain rates of 0.6, 1.1 and 
2.2 min
-1
. 
5.2.3 POFBG Characterization 
When longitudinal strain is applied to an FBG, its resonance Bragg wavelength 
increases following Equation 5.1.2, as: 
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Equation 5.2.3 
The first term accounts for the physical length change of the grating period with strain 
and simply equates to: 
 1
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Equation 5.2.4 
The second term in Equation 5.2.3, accounts for the refractive index change due to the 
strain optic effect. Assuming that the fiber is isotropic, the refractive index change due to 
the strain optic effect is given by: 
 pppp
n
d
dn
n
eff
-))(-(
2
-
1
121112
2
 
  
Equation 5.2.5 
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being pe is the photoelastic coefficient of the material, where p11 and p12 are the Pockel‟s 
coefficients and ν the Poisson‟s ratio. Replacing Equation 5.2.5 and Equation 5.2.4 into 
Equation 5.2.3, the Bragg wavelength shift can be rewritten as: 
   )-1( eBragg p  Equation 5.2.6 
For a POF composed of PMMA, these values are p11 = 0.3 and p12 = 0.297 [235], ν = 0.35 
to 0.4 [97]. The correspondent wavelength-strain sensitivity is expressed from Equation 
5.2.6 as: 
 )-1( eBragg pS    Equation 5.2.7 
Therefore, considering neff(1550 nm) = 1.4794 (obtained from the Sellmeier coefficients 
given in [214]), the calculated photoelastic coefficient is 96.3 × 10
−3
. Thus, using Equation 
5.2.7, the theoretical strain sensitivity of a PMMA based POFBG operating at the 1550 nm 
region will be equal to 1.4 pm/. 
The experimental strain characterization of the POFBGs was done individually by 
gluing the ends of the POFs to a fixed and to a mechanical linear stage (see Figure 5.2.5).  
  
Figure 5.2.5 Schematic used for the strain characterization of a POFBG, where one end of the fiber is 
fixed and the other is strained with a mechanical linear stage. 
The strained fiber length (between the points were glue was inserted), was 4.68, 4.61, 
4.62 and 4.84 cm, respectively for the MM-G3, FM w/Rh6G, FM-250 and SM-125. The 
strain was imposed in steps of 2.4 m for the FM-250 and G3-250, and 2.5 m for the FM 
w/Rh6G and SM-125. The characterizations were performed in the elastic regime (i.e. 
below the yield strain ~2 %, see Table 5.2.1) and at room temperature. After each strain 
step, it was waited half a minute before signal acquisition, allowing the stabilization of the 
resonance Bragg peak. The Bragg reflection spectra of the G3-250 mPOF, at different 
strain steps, can be seen in Figure 5.2.6. 
Linear stage 
ε 
Glue 
Fixed 
stage Glue splice 
Interrogator Laptop 
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Figure 5.2.6 G3-250 POFBG spectra evolution with increasing strain (0 m: 2.4 m: 19.2 m). The 
marker points refer to the maximum peak Bragg wavelength. 
The peak wavelength shifts of the different POFBGs were taken from the Bragg reflection 
peak as shown by the marker points in Figure 5.2.6, for the G3-250 mPOF. The 
correspondent wavelength shifts for the four fibers under study may be seen in Figure 
5.2.7. 
 
Figure 5.2.7 Peak power Bragg wavelength shift as function of the applied strain, for different 
POFBGs. 
The Bragg wavelength shifts for all the fibers involved in the strain characterization, 
follow a linear tendency with increasing strain, as can be observed in Figure 5.2.7. From 
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that, a linear regression model was applied to the data points and the sensitivities were 
obtained. The sensitivities were in the lowest case, equal to 0.74 pm/for the G3-250, 
and in the highest case equal to 0.98 pm/ for the FM w/Rh6G. These sensitivities were 
lower than the predicted theoretically (1.4 pm/), and the reasons are probably related 
with the deviation from the parameters used in the theoretical characterization, or even 
related with the error accounting for the length of the samples, since the glue used to fix 
the POFs was spread along the fiber making it difficult to find the right length. 
Nevertheless, the results are still similar to the ones reported for other POFBGs [236]. 
5.3 POFBG Temperature Sensing 
The wavelength shift due to a change in temperature (T) is expressed according to 
Equation 5.1.2 as: 
 T
d
dn
ndT
d eff
eff
BraggT 











T
11

 
Equation 5.3.1 
where ))(1( dTd  is the normalised thermal expansion coefficient () and 
))(1( dTdnn effeff , the normalized thermo-optic coefficient (). 
The theoretical wavelength-temperature sensitivity of an FBG can thus be expressed 
as: 
 )(   BraggTS  
Equation 5.3.2 
In polymers,  is negative and has an absolute value higher than , (i.e. for PMMA:  = 6 
x10
-5
 /ºC, [89] and  = -8.5x10-5 /ºC, [96]). Therefore, the temperature sensitivity of a 
POFBG will be negative. Considering a PMMA based POFBG operating at 1550 nm, the 
theoretical sensitivity given by Equation 5.3.2 is thus equal to -38.8 pm/ºC. 
For the experimental characterization, the four POFs in study were placed in a climatic 
chamber (Angelantoni CH340). The temperature was increased in steps, from 15 to 50 ºC. 
As the thermo-optic and thermal expansion coefficient are a function of temperature and 
humidity [116][235], the temperature tests were made keeping the humidity constant at 
80 %RH. The schematic of the temperature test may be seen in Figure 5.3.1. 
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Figure 5.3.1 Setup used for the characterization of the POFBG to temperature. 
The reflection spectra of the POFBGs were acquired after 20 minutes, giving enough 
time for the stabilization of both climatic chamber and POFBGs. In order to see the 
spectral evolution of a POFBG to temperature, it was plotted in Figure 5.3.2 the spectral 
response of the FM w/ Rh6G mPOF. 
 
Figure 5.3.2 Spectra evolution with increasing temperature, for the FM w/ Rh6G mPOF. The marker 
points define the maximum peak power. 
From Figure 5.3.2 it can be seen a blue-shift of the spectrum with increasing temperature, 
as already predicted in the theoretical description, since the thermo-optic coefficient is 
negative and higher than the thermal expansion coefficient. It can also be observed that the 
peak power decreases with increasing temperature. This is the result of the degradation of 
the silica-POF glue connectorization which is also involved in the temperature test. In 
specific, the glue used in this experiment (NOA 78), has poor tensile strength and low 
operational temperature, being the limit defined as 60 ºC (see Table 3.5.2). As 
Interrogator Laptop 
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consequence, the increase in temperature leads to a decrease of the glue strength, reducing 
the coupling alignment between POF and silica fiber. 
A rule to follow when working with POFBGs is to anneal the fiber during a period of 
time (which depends on the thermal history), prior to the Bragg grating inscription or 
before the characterizations, in order to remove the residual stresses left during the drawing 
process [237]. This is of much more importance when POFBGs are expected to be used for 
temperature measurements [47], [110]. In fact, if the temperature test is performed in a 
non-annealed fiber, the observed wavelength shift will follow a non-linear behaviour. An 
example of that was reported for the first temperature characterization of a POFBG in 
2001 [46]. However, the mechanism behind the non-linear behaviour was only explained 
in 2007 [47], which was described as the partially release of stress built-in during the 
drawing process. One example of this non-linear behaviour can be seen in Figure 5.2.7, for 
a non-annealed POFBG in the fiber FM-250. 
  
Figure 5.3.3 Peak wavelength shift at different temperatures, for a non-annealed POFBG written in a 
FM-250. 
From Figure 5.3.3, it can be seen two different phases, where the wavelength shift is 
linearly blue shifted with temperature at the initial region, followed by a suddenly and non-
reversible drop of the wavelength shift, for temperatures above 35 ºC. This second phase is 
the result of the permanent shrinkage of the fiber, which leads to a permanent wavelength 
shift. 
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In order to avoid the phenomenon described before, the fibers were annealed at 65 ºC 
during 24 hours, prior to the POFBG inscriptions as already described at the beginning of 
this chapter. The results concerning the POFBGs wavelength shift for the four fibers under 
study may be seen in Figure 5.3.4 
 
Figure 5.3.4 Temperature characterization of different POFBGs. 
The results shown in the above figure reveal a blue wavelength shift with increasing 
temperature as theoretically predicted. Additionally, the data points obtained for the G3-
250, FM w/ Rh6G and FM-250 POFBGs, follow a linear tendency, however, the SM-125 
still reveals some deviations from the linear response. This happened since the thin 
diameter fibers require in general higher drawing tensions [101]. Therefore, it is necessary 
more time or higher temperature at the annealing process to completely remove the stresses 
present in the fiber. Nevertheless, the non-linear behaviour is still acceptable and thus, a 
linear fit was adjusted to the data points of each POFBG. 
The calculated sensitivities were in the lowest case equal to -37.12 ± 0.20 pm ºC for 
the FM-250 and were in the highest case equal to -71.14 ± 0.22 pm/ºC for the SM-125. The 
lowest value is similar to the one calculated theoretically (-38.8 pm/ºC), however, the 
higher sensitivity is almost twice this value. This is probably related with the different 
microstructures present in the fibers, leading to have different degrees of anisotropy and 
consequently different thermal expansion coefficients. Nevertheless, the presented values 
are still in accordance with the ones reported in literature for POFBGs written in PMMA 
fibers [47], [238]. 
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5.4 POFBG Hydrostatic Pressure Sensing 
When a pressure change (P) is applied to an FBG, the corresponding wavelength 
shift is given according to Equation 5.1.2, by: 
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Equation 5.4.1 
This expression has contribution of two different effects. Firstly, when the pressure change 
is increased, the grating planes will be compressed, leading to a negative wavelength shift. 
On the other hand, in silica fibers, positive pressure changes, lead to the increase of the 
refractive index of the material, and thus, a positive wavelength shift [50]. For silica FBGs, 
the previous is the most prominent effect, leading to a negative wavelength shift with 
increasing pressure. On the contrary, the refractive index change in polymers is the major 
contribution, and thus, a positive wavelength shift is expected for increasing pressure. 
The fractional change in optical propagation delay arising from a small fractional 
change in fiber diameter due to the applied pressure is negligible when compared with the 
change in refractive index and physical length. Those changes may be expressed as [239]: 
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Equation 5.4.3 
The resultant L/L is transduced in . The normalized pitch pressure and the index 
pressure coefficients are thus, given by [240]: 
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Equation 5.4.5 
The wavelength-pressure sensitivity can be acquired by replacing Equation 5.4.4 and 
Equation 5.4.5 into Equation 5.4.1, producing: 
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Equation 5.4.6 
Using the values of 70 GPa for the Young‟s modulus, 0.17 for the Poisson‟s ration, 0.121 
and 0.270 for p11 and p12 respectively, 1550 nm for operation wavelength and a refractive 
index of a germania-doped core of 1.465, gives a theoretical value of -0.4 pm/bar [241]. 
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Additionally from Equation 5.4.6, it is easy to understand that decreasing the Young‟s 
modulus, leads to an increase in the wavelength-pressure sensitivity. This is an advantage 
for POFBGs, since the Young‟s modulus in polymers is much lower than the one for found 
for silica fibers (i.e. Table 2.4.1). However, Equation 5.4.6 can only be used in isotropic 
materials, like the one found in silica optical fibers. On the other hand, during the 
manufacturing process of POFs, the molecular chains tend to align along the length of the 
fiber [237]. Even employing an annealing process to the fiber, it will still show some 
residual stresses. Therefore, the material cannot be considered as isotropic and a more 
detailed expression need to be described [50]: 
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where EP and ET are the elastic moduli parallel and perpendicular to the fiber axis, νP and 
νT are the relevant Poisson‟s ratios and p11, p12 and p13 are the components of the strain-
optic tensor [50]. Since these parameters are not available in literature, it is impossible to 
predict a theoretical value for the pressure sensitivity. 
For the experimental hydrostatic pressure characterization, it was used a compressed 
air cylinder. A polyethylene pipe capable to support pressures up to 13 bar is used for the 
experiment. The POFBG is inserted in the pipe and it is sealed at the end with epoxy glue. 
The other end of the pipe is linked to the compressed air cylinder. The schematic of the 
experiment can be seen in Figure 5.4.1. 
 
Figure 5.4.1Schematic used for the experimental hydrostatic pressure characterization. The setup is 
composed of a POFBG inside a compressed air cylinder pipe. 
Due the limited pressure range available from the compressed air cylinder and the 
difficulties on the adjustment of the pressure through a knob regulator, the tests were done 
in a range of zero to six bars in steps of two bars. After applying each pressure step, it was 
POFBG 
Glue 
Compressed 
air cylinder 
Glue splice 
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waited half a minute before spectra acquisition. The results concerning the spectra 
evolution for the SM-125 can be seen in Figure 5.4.2. 
 
Figure 5.4.2 Spectra evolution with increasing pressure for the SM-125 mPOF
*
. 
As can be seen from Figure 5.4.2, the spectra is red shifted with increasing pressure, 
contrary to what is observed in silica fibers, as previously described. From the spectra it 
was taken the peak power wavelength shift and its evolution with pressure may be seen in 
Figure 5.4.3. 
 
Figure 5.4.3 Pressure characterization of different POFBGs. 
                                                          
*
 The presence of a Bragg peak at the left side is due to the poor glue splice between SMF-28e and mPOF. 
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From the above figure, it can be observed that the sensitivities of the POFBGs are 
close to 20 pm/bar, which is a value similar to the ones reported for POFBGs inscribed in 
PMMA based mPOFs [50] and SI-POFs [102]. It is worth to mention that the sensitivities 
obtained for the POFBGs in this study, were almost 50 times higher than the one calculated 
theoretically for a germania-doped silica core fiber (e.g. -0.4 pm/bar). On the other hand, 
the wavelength change shown in Figure 5.4.3 has some deviations from the linear 
adjustments. This result was inherently due to the cross sensitivity to temperature, since the 
temperature inside the polyethylene pipe changes with the pressure increase. One way to 
remove the temperature contribution is to fill the pipe with a viscous fluid, allowing lower 
heat dissipation compared to air [102]. Another important feature of this approach is the 
ability to retain the same humidity conditions during the whole characterization, 
eliminating also the humidity cross sensitivity. An alternative to this approach is to 
measure the temperature variation inside the pipe for each pressure step and removing the 
contribution of the temperature by calibrating it with the POFBG temperature 
sensitivity [102]. 
5.5 POFBG Humidity Sensing 
Some polymers such as PMMA, PS, PC among others, present the capability to absorb 
the moisture present in the environment. Such characteristic has been explored for the 
development of humidity sensors. Among the different fiber sensing technologies, 
POFBGs have been the most preferred choice due the easy integration and low 
complexity [48], [112], [242], [243]. 
When a POFBG composed of a material capable to absorb water is used, the 
theoretical humidity sensitivity, may be expressed following Equation 5.1.2 [48], as: 
    BraggHS
 
Equation 5.5.1 
where the first term in parentheses represents the swelling coefficient due to the humidity 
induced volumetric change, and the second term denotes the normalised refractive index 
change due to humidity. 
The humidity dependence of the refractive index of the polymer sorbed moisture can 
be expressed as [116]: 
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Equation 5.5.2 
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being km the water molar refraction divided by its molecular weight and S the moisture 
solubility of the polymer. The parameter f defines the fraction of sorbed moisture that 
contributes to the increase in polymer volume, which depends on temperature, where f = 0 
means no change in the polymer volume as it sorbs moisture, and f = 1, being the increase 
of the polymer volume in the same amount as that of the sorbed moisture. Finally fc is the 
critical value which is expressed as: 
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Equation 5.5.3 
where m defines the density of water, and np the refractive index of the polymer without 
moisture. Using km = 0.2012 cm
3
/g, m = 0.9970 g/cm
3
 at 25 ºC, reported in [116], 
nPMMA(1550 nm) = 1.4794 at 25ºC [214] and by means of Equation 5.5.3, one can estimate 
fc to be equal to 0.7. Therefore, it is easy to understand that the humidity-refractive index 
dependence will be positive and negative when f < 0.7 and f > 0.7, respectively. 
Considering the values reported for PMMA at 25 ºC as f = 0.6 and S = 2.54 x 10
-
4
 g/cm
3
/%RH [116], one can estimate the humidity-refractive index dependence () to be 
equal to 1.44 x 10
-5
 /%RH. 
The volumetric change induced by water uptake in a PMMA fiber (), can be 
calculated using the swelling coefficient along the fiber direction, expressed in [48]: 
 3003 0


fw
V
V m


 
Equation 5.5.4 
where w is the water sorbed by the polymer, which for PMMA is about 1.5 %. Using the 
previous reported parameters, it is possible to calculate the theoretical value of  to be 
equal to 3.99 x 10
-5
 /%RH. Since this value is higher than the one presented for the 
humidity-refractive index dependence (1.44 x 10
-5
 /%RH), it is therefore, the principal 
contribution for the sensitivity to the relative humidity. Based on the above calculations, 
the contribution of both volumetric and refractive index change, will produce following 
Equation 5.5.1, a theoretical POFBG sensitivity at 25 ºC and 1550 nm region, of 
68.7 pm/%RH. 
For the experimental humidity characterization, the different POFBGs were placed in 
the climatic chamber as represented in the schematic shown in Figure 5.3.1. During the 
experiment, the temperature was kept constant at 25 ºC and the relative humidity was 
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imposed in steps of 10 %RH during 4 hours in order to allow the uptake of water by the 
PMMA material. The humidity was step increased from 30 – 90 %RH. The spectra were 
collected at each 10 minutes by the interrogation system and the test took approximately 
28 hours to be completed. An example of the spectra evolution for increasing humidity 
level may be seen in Figure 5.5.1 for the FM-250 mPOF. 
 
Figure 5.5.1 Spectra wavelength shift obtained at different relative humidity conditions, for the FM-
250 mPOF. The marker points define the maximum peak power. 
The wavelength shift during time can be obtained from the maximum peak power. An 
example of the peak wavelength shift during the period of the test may be seen in Figure 
5.5.2, for the SM-125. 
Sensing With Polymer Fiber Bragg Gratings Chapter 5 
 
 181 
 
 
Figure 5.5.2 Time evolution of the peak wavelength shift for the mPOF SM-125. 
As can be seen from Figure 5.5.2, the peak wavelength shift increases almost 0.5 nm 
for each increment of 10 %RH. The response time for which the peak wavelength shift 
reaches its maximum is approximately one hour. However, this was different for the other 
three fibers involved in the experiment, as can be seen in Figure 5.5.3. 
 
Figure 5.5.3 Time response of different FBGs written in different mPOFs, under a stepwise of 10%RH. 
The water uptake by the polymer fibers is a time dependent process, which is related 
with the material, diameter and shape of the fiber [112], [242]. Thus, since the diameter is 
different from fiber to fiber, it is expected a higher response time for the diffusion of water 
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in POFs with higher diameter, such as the FM-250 and G3-250 (~250 m), compared with 
the FM w/ Rh6G (180 m) and SM-125 (~125 m). This was observed in Figure 5.5.3, 
where the response time was less than one hour for the SM-125, two hours and half for the 
FM w/ Rh6G and three hours and half for the FM-250 and G3-250. Considering these two 
last fibers, it can be observed that the FM-250 has a higher response time than the G3-250. 
In theory, considering only the fiber diameter, they should present similar response. 
However, the FM-250 has a larger number of air holes than the G3-250 (see Figure 3.4.2), 
consequently, the PMMA content is lower, needing thus, less time to reach the saturation. 
Another aspect to take into account is the stresses imposed by the microstructured air 
holes, which inherently affects the volumetric changes of the polymer. Nevertheless, it is 
worth to mention that reducing the fiber diameter through an etching process as described 
in [242], can lead to reduce the time in which the saturation time occurs, to only few 
minutes. 
The peak wavelength shift obtained for each fiber at the saturation time may be seen in 
Figure 5.5.4. 
 
Figure 5.5.4 Humidity characterization of different POFBGs. 
From Figure 5.5.4, it can be observed, that all the characterized POFBGs present a red 
wavelength shift with increasing relative humidity. This conclusion follows the predicted 
by the theoretical analysis described previously. The POFBGs wavelength shifts follow a 
linear tendency with increasing strain, and thus, a linear regression model was applied to 
the data points. The obtained sensitivities were found between 50 pm/%RH and 
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64 pm/%RH. The values were of the same order as the ones found in literature for PMMA 
based SI-POFs, ~40 pm/%RH [48] and etched SI-POFs ~34 pm/%RH [242]. Additionally, 
the predicted theoretical sensitivity (69 pm/%RH), is close to the ones found in this 
experimental characterization. The discrepancies from the literature results and theoretical 
prediction are probably due to the holes that run across the mPOFs. In fact, the dimensions 
and shapes of the holes impose different stresses in the polymer material, leading to have 
different volumetric changes due to moisture uptake and thus, affecting both  and  that 
compose the humidity sensitivity (see Equation 5.5.1). 
5.6 POFBG Refractive Index Sensing 
As shown before, fibers composed of PMMA have the capability to absorb the water 
present in the environment. By using POFBGs inscribed in this type of fibers it is possible 
to monitor the moisture in the environment, by tracking the peak wavelength shift. The 
phenomenon behind the POFBG wavelength shift is related with the swelling of the POF 
as the water content increases, leading to a change in the refractive index of the polymer 
material and to a volumetric change in the period of the grating. If the fiber containing the 
POFBG is fully immersed in a water container, the fiber will swell to its maximum, 
leading to a maximum POFBG wavelength change, after a certain period of time, that 
depends on the fiber material (see previous section), diameter of the fiber (see Figure 
5.5.3), and shape [242]. On the other hand, if a solute is added to the water, the content of 
water retained in the polymer matrix will change, leading to a Bragg wavelength shift that 
depends on the amount of solute present in the solution as a result of the osmosis 
process [51]. The fiber acts thus, as a semipermeable membrane which blocks the solute 
but it is permeable to the solvent (water in this example). In such case, the osmotic 
pressure created by the solution is given by Equation 5.6.1. 
 CRTPosm   Equation 5.6.1 
where, C is the concentration of the solution, R is the gas constant (8.314 J/ºC x mol) and T 
is the temperature. 
5.6.1 Refractive Index Characterization with a PMMA based mPOF 
Due to the absorption capabilities present by PMMA, it was decided to characterise a 
POFBG inscribed in a fiber composed of this material to the external refractive index. The 
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fiber chosen for the experiment was the SM-125. As can be seen in Figure 5.5.3, this fiber 
has a humidity time response of about one hour, which is lower than the ones involved in 
the study. This property was attributed to its thinner diameter, which allows a faster 
absorption of the water surrounding the fiber. For the refractive index characterization, it 
was prepared ten solutions of glucose anhydrous with refractive index between 1.3333 for 
water and 1.3955 for a concentration of 2.5 mol/L. The POFBG was placed at the middle 
of a Teflon container by fixing one terminal of the POF to a silica capillarity and the other 
POF terminal to the button of the container. Care was taken in order to fix the fiber in a 
straight position, in order to avoid curvature effects during the characterization. To allow 
the insertion and removal of solutions, a silicon pipe was fixed at the button of the 
container. The detailed characterization of the setup may be seen in Figure 5.6.1. 
 
Figure 5.6.1 Schematic of the measurement setup used to characterise the POFBG to different 
refractive index solutions. 
After filling the container with each solution, it was waited one hour before spectra 
acquisition, allowing enough time for the absorption of water by the PMMA material 
containing the fiber. The results concerning the peak power evolution for the ten different 
refractive index solutions can be seen in Figure 5.6.2. 
Container 
POFBG 
Silica fiber 
Glue 
Solution (In/Out) 
Silica capillarity 
Silica-POF connection 
POF 
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Figure 5.6.2 Wavelength shift of the peak power of a POFBG inscribed in a SM-125 for different 
refractive index solutions of glucose in water solutions. 
From Figure 5.6.2, it can be seen that the resonance Bragg peak follow a blue-shift with 
increasing refractive index. The evolution follows a linear tendency and for that reason a 
linear regression model was adjusted to the data points, allowing to obtain a sensitivity of -
11.23 nm/RIU. The decrease of the Bragg wavelength is related with the amount of solute 
present in the surrounding refractive index solution. Therefore, when a solution of a higher 
concentration covers the POFBG, the osmotic pressure (Equation 5.6.1) increases, leading 
to drive water from the fiber (hypotonic ambient) to the surrounding 
environment (hypertonic ambient). This will reduce the fiber volume until the ambient 
found in the PMMA matrix and surrounding solution becomes isotonic. Conversely, this 
reduction leads to a compression of the Bragg grating period and to a decrease of the 
effective refractive index, promoting a blue shift of the Bragg wavelength. Similarly, when 
the surrounding environment is replaced by a solution of lower concentration, the fiber will 
tend to swell which promotes the separation between the grating planes and an increase of 
the effective refractive index, which in turns leads to a red shift of the resonance Bragg 
wavelength. 
5.7 Summary 
In this chapter, some of the POFBGs fabricated through the methodologies described 
in section 4, were used to characterise different external parameters, such as strain, 
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temperature, hydrostatic pressure, humidity and refractive index. Prior to the strain 
characterization, different POFs were subjected to a tensile test. From that, it was obtained 
important mechanical parameters, such as the elastic limit the Young‟s modulus, the yield 
point, etc. After that, the tensile test was performed for four different mPOFs under the 
elastic limit. The results were compared with the ones obtained theoretically and with the 
ones found in literature. For the temperature and humidity tests, the fibers were placed in a 
climatic chamber and it was waited enough time before the POFBG signal stabilization. 
Results revealed that POFBGs are blue shifted with increasing temperature, and red shifted 
with humidity with sensitivities similar to the ones obtained theoretically and with the ones 
found in literature. Additionally, for the humidity test, it was observed that the annealing 
process enhances the operational temperature of the POFBG. On the other hand, it was also 
observed an increase response time of the stabilization of the peak power wavelength, for 
POFs with larger diameter. For the pressure tests, the POFBGs were placed in a plastic 
pipe, attached to a compressed air cylinder. After increasing the pressure it was observed a 
red shift of the resonance Bragg wavelength. Sensitivity values were found to be 50 times 
higher than the one found theoretically for silica based FBGs. For the refractive index test, 
different refractive index solutions of water/glucose were prepared. After the immersion of 
the POFBGs in the different solutions, it was observed a blue shift of the resonance Bragg 
wavelength with increasing concentration. The phenomenon was associated to the water 
retained by the polymer material as a consequence of the osmotic pressure induced by each 
solution. 
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Chapter 6 
6. Sensing with Single-Mode-
Multimode-Single-Mode Structures 
6.1 Multimode Interference Effects (Principle of Operation) 
The self-imaging of the input light field in planar waveguides, commonly known as 
multimode interference (MMI), has been intensively investigated and widely employed in 
the development of beam splitters, combiners and multiplexers for communication 
applications [244]. The self-imaging phenomenon occurs when the output light field of a 
single mode waveguide enters into a multimode waveguide section, where excitation of 
higher order modes occurs. Interference between these modes will accumulate, giving rise 
to the formation of replicas in both amplitude and phase of the leading input signal at 
periodic intervals along the axis of the multimode waveguide. 
The theoretical description of the self-imaging phenomenon can be analysed using 
beam propagation method (BPM) [245], ray optics [246], hybrid methods [247] or modal 
propagation analysis (MPA) [244]. Regarding the later, it is considered the most 
comprehensive theoretical tool capable to describe the basis of self-imaging phenomena in 
multimode waveguides. Additionally it provides an insight into the mechanism of 
multimode interference as well as the basis for numerical modelling and design. Therefore, 
the self-imaging phenomenon will be explained through to the MPA analysis. 
6.1.1 Mode Propagation Analysis 
To explain the self-imaging phenomenon using MPA, it will be used the descriptions 
followed in reference [244]. Thus, a two-dimensional representation as the one represented 
in Figure 6.1.1 will be followed, wher it is represented a waveguide composed of a core 
with ridge effective refractive index nr and with a cladding refractive index ncl. 
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Figure 6.1.1 Two-dimensional representation of a multimode waveguide. The input field (y,0), 
imposed at the origin (z = 0), travels along the multimode waveguide and produces a mirrored image 
at a distance (3L), a direct single image at 2(3L), and two-fold images at (1/2)(3L) and (3/2)(3L). 
(adapted from [244]) 
When an input light with field distribution (y,0), is imposed at z = 0 and totally 
contained within the effective width (We,) it will be decomposed into the modal field 
distributions (y) of all modes as:
  

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Equation 6.1.1 
where  is the mode number and c is the excitation coefficient of each mode, which can 
be calculated from the overlap integrals, based on the field-orthogonality relations: 
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Equation 6.1.2 
As light propagates in the multimode waveguide section, the field at a propagation distance 
z can be calculated by: 
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Equation 6.1.3 
where m defines the number of excited modes in the multimode waveguide and (0 - ) 
are the propagation constants spacing between the fundamental mode and an excited higher 
order mode, defined from the beat length (L) of the two lowest order modes as: 
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where 0 is the free space wavelength. A useful expression for the field at a distance z = L 
can then be written as: 
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Equation 6.1.6 
Thus, the shape of the field and inherently the types of images formed will be determined 
by the excitation coefficient defined in Equation 6.1.2 and by the properties of the mode 
phase factor: 
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Equation 6.1.7 
Under certain circumstances, the field (y,L) will be a reproduction of the input field 
(y,0). 
In the overall, general interference defines the case where the modal excitation does 
not influence the self-imaging mechanisms. Conversely, when certain modes are excited 
alone it is defined as restricted interference. 
For the following derivations, the following properties will prove useful: 
 even for even v   
 )2(   Equation 6.1.8 
 odd for  odd v
 
 
and 
   even for  vyv   
)-( y   Equation 6.1.9 
   odd for  vyv   
being the latter a consequence of the structural symmetry with respect to the plane y = 0. 
6.1.1.1 General Interference 
For the general interference mechanisms, which are independent of the modal 
excitation, single images occur when (y,L) is an image of (y,0), and for that, the mode 
phase factor expressed in Equation 6.1.7 needs to be: 
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Equation 6.1.10 
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which means that the phase change suffered by the various modes along the waveguide 
should differ by exactly integer multiples of 2 or , respectively. Because of the odd 
symmetry expressed in Equation 6.1.9, the interference produces an image mirrored with 
respect to the plane y = 0. Considering Equation 6.1.8, it is evident that the first and second 
condition of Equation 6.1.10 will be fulfilled at 
   ... 2, 1, 0, with ,3  pLpL   Equation 6.1.11 
for p even and p odd, respectively, which denotes the periodic nature of the imaging along 
multimode waveguide. Therefore, direct and mirrored images will be formed at a distance 
z, for even and odd multiples of the length 3L, as shown in in Figure 6.1.1, respectively 
for distances 3L and 2(3L). The use of these images can thus be employed to explore bar- 
and cross-couplers, respectively. Nevertheless, a broader range of MMI couplers can be 
attained for distances were multiple images are formed. For that let‟s consider the images 
that are formed half a way between the direct and mirrored image positions: 
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Equation 6.1.12 
The total field of these lengths can be determined by replacing Equation 6.1.12 into 
Equation 6.1.6, obtaining: 
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Equation 6.1.13 
Therefore, taking into account the properties of Equation 6.1.8 and the mode field 
symmetry found in Equation 6.1.9 and Equation 6.1.13, one can obtain: 
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Equation 6.1.14 
This equation represents a two-fold imaging of (y,0), with amplitudes 2/1 , at distances 
z = (1/2)(3L), (3/2)(3L),… as represented in Figure 6.1.1. Therefore, this two fold image 
can be used to produce 2x2 3-dB couplers. 
6.1.1.2 Restricted Interference 
In the restricted interference, contrary to the general interference described before, 
only some of the guided modes in the multimode waveguide are excited by the input 
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field(s). Such restriction allows new interference mechanisms through shorter periodicities 
of the mode phase factor found in Equation 6.1.7. 
If modes  = 2, 5, 8,… are excited in the MMI section, i.e. if: c = 0, then, following 
reference [248], single (direct and inverted) images of the input field (y,0) will occur at: 
 ... 2, 1, 0,  with ),(  pLpL   
Equation 6.1.15 
By the same reason, two-fold images will be found at (p/2)L, with p odd. 
Now, let‟s consider the case where only the even symmetric modes are excited. Thus, 
if cv = 0, for  = 1, 3, 5, …, the length periodicity of the mode phase of Equation 6.1.7 will 
be reduced four times. Therefore, single images of the input field (y,0) will now be 
obtained at: 
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Equation 6.1.16 
On the other hand, N-fold images are obtained at distances: 
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Equation 6.1.17 
with N images of the input field (y,0) symmetrically located along the y-axis with equal 
spacing We/N. Therefore, 1-to-N beam splitters can be realized with multimode waveguides 
four times shorter. 
In order to visualise the self-imaging phenomenon in a 2D waveguide, considering the 
restricted symmetric interference, a BPM simulation was carried out. For that, it was 
considered the wavelength of 1550 nm, and a multimode waveguide with 50 m core and 
125 m cladding, sandwiched between two SM waveguides, with 8.2 m core, and 
125 m cladding. The refractive index at 1550 nm were equal to 1.44615 and 1. 43950, 
respectively for core and cladding materials of both SM and MM waveguides. The 
waveguides were aligned through their centres and it is considered that the fundamental 
mode imposed at L = 0 will excite only the even (symmetrical) modes in the MM 
waveguide. The schematic of the simulation can be seen in Figure 6.1.2 (a), and the 
simulation results can be seen in Figure 6.1.2 (b) and (c). 
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Figure 6.1.2 Multimode interference generated when the input light field injected at L = 0 excites the 
even (symmetrical) modes present in the MM waveguide, generating, single images at L = p(3/4)L and 
two-fold images at L = (p/N)(3/4)L. (a) MM waveguide between two SM waveguides; (b) Field profile, 
showing self-images of the input field. Power normalized to the input power, along the optical axis. 
From Figure 6.1.2 (a) and (b), it can be seen that self-images are formed at distances 
of 2333 and 4665 m, respectively for the first and second images. Furthermore, two-fold 
images of the input field, can also be found half way between the single images. 
 
 
 
 
 
 
(y,0)  
(b) 
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In order to couple the light field that is formed in the second self-image, a secondary 
SM waveguide was placed at a distance of 4665 m, allowing the creation of an SMS 
structure. 
6.2 Multimode interference in Optical Fibers 
In the last decade the use of multimode interference in single-mode-multimode-single-
mode (SMS) fiber structures has also been subject of study for the development of several 
optical fiber sensors, such as strain [55], temperature [56], liquid level [221], 
humidity [249] and refractive index [220], [250], [251]. These optical devices offer several 
advantages compared with other optical fiber devices, being the most pronounced, the easy 
fabrication and higher sensitivity. 
Concerning the sensitivities of SMS based structures, Liu et al. [252] has shown that 
by using a silica graded index MMF, a strain sensitivity of 10.3 pm/ and a temperature 
sensitivity of 32.5 pm/ºC could be achieved at 1550 nm region. For polymer based SMS 
structures the reported sensitivities are of 48.8 nm/ ºC [61], and 6.76 nm/ºC [62], for 
perfluorinated and partially chlorinated based POFs, respectively. However, it is worth to 
mention that both the values and signs of strain and temperature sensitivities are highly 
dependent on the structure (e.g., core diameter) and the material (e.g. dopant) of the 
multimode fibers. For the fabrication of a SMS fiber structure it is necessary to splice a 
precisely dimensioned multimode fiber (MMF) section to two single-mode fibers. A 
schematic diagram of an SMS fiber structure may be seen in Figure 6.2.1 
 
Figure 6.2.1 Schematic of the SMS fiber structure, comprising a multimode fiber sandwiched between 
two single-mode fibers. 
Assuming perfect alignment through the central axis of the fiber core of the SMF and 
MMF, and because of the circular symmetry of the input field of the mode LP01
13
, only the 
                                                          
13
 LPnm - Linearly polarized mode. Approximation valid for a weakly guiding optical fibers. 
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LP0m modes can be excited. The number of excited modes LP0m, can be calculated using 
π
V
m ≈ , where V is the normalized frequency defined in Equation 2.2.4. 
The multimode fiber employed in the SMS structure can have either SI or GI profiles, 
being the previous the most preferred due the better spectral response. The use of MMF 
composed of a single material, commonly known as no-core fibers (NCF), has also been 
employed, regarding specific applications, such as refractive index detection. This specific 
type of fiber allows the interaction of the guided modes with the external environment, and 
therefore, SMS based fiber optic refractometer devices have been developed [220]. 
Furthermore, since silica fibers do not have the capability to absorb the water moisture 
present in the external environment, the employment of hydrogel coatings (capable to 
change their refractive index upon water absorption), in the surface of NCF has already 
been demonstrated to measure the relative humidity, using an intensity based 
scheme [249]. For methods based on the wavelength shift of one of the peaks or dips in the 
SMS based spectra, Bobo et al. [257] reported the use of an SMS structure coated with an 
electrostatic self- assembled polymer nanocoating on the side-surface of the sensor, where 
a sensitivity of 84.3 pm/%RH was obtained at 20ºC. 
The inherent advantages of POFs when compared with silica fibers, lead also to the 
development of SMS structures based on these fibers. Thus, a POF device based on 
multimodal interference (MMI-POF) has already been proposed for large strain 
measurement [60]. Additionally, the capability to detect strain and temperature in the low 
loss region of perfluorinated [61] and also partially chlorinated graded index POFs [62] 
was already subject of study. Additionally, fibers composed of PMMA have been 
demonstrated in the previous section to be capable of measuring humidity through the use 
of POFBGs (i.e. section 5.5), in which the measurement principle was based on the change 
of effective refractive index and due also to a volumetric change of the fiber. Therefore, 
SMS structures are also prone to measure this quantity. In the previous section, the water 
absorption capabilities were also used to measure the external refractive index by an 
osmosis process (i.e. section 5.6). However, the water uptake by the polymer is a time 
dependent process which is a function of the material and diameter of the fiber used. To 
avoid problems associated with the time dependence, it is more suited the use of 
techniques already explored in silica fibers, which consist in the exposure of the core to the 
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external environment. Thus, for POFs, the employment of such technique requires the use 
of humidity insensitive polymer materials (e.g. COP; CYTOP
®
; TOPAS
®
). 
In this chapter it will be used a multimode POF composed of a ZEONEX
®
 480R core 
and PMMA cladding materials. The fiber has been previously introduced in section 4.3.3, 
and a microscope image of the fiber may be seen in Figure 4.3.11 (b). This POF will be 
used for the production of an SMS structure capable to measure strain, temperature and 
humidity. For the later, only the cladding layer will be responsible for the volumetric and 
refractive index changes, since the core material is humidity insensitive. 
In order to develop a humidity insensitive POF based SMS structure, the PMMA 
cladding material needs to be removed by an etching process. Since, the cladding material 
is removed, an FBG could be imprinted, allowing the creation of a hybrid POF sensor, 
which is insensible to humidity but has the capability to measure strain, temperature, and 
refractive index. 
6.3 SMS Structures based on multimode SI-POF 
When the input light field of a single-mode fiber enters in a MMF, several modes of 
the MMF will be excited. Thus, differential phases between the modes will accumulate 
generating constructive and destructive interference along the MMF. Therefore, the self-
imaging distance is the length of MMF where the maximum input light field is replicated 
in both amplitude and phase. If the MMF fiber is cleaved where one of those images is 
being formed, a well-defined wavelength peak will occur, which will be sensitive to the 
external conditions. 
6.3.1 Beam Propagation Analysis and SMS Structure Assembly 
In order to create a SMS structure based on a MM-POF, comprising a well-defined 
peak wavelength, it is necessary to know the distance from the SMF where the light field 
will be replicated inside the MM-POF. For that, a two-dimensional beam propagation 
method (BPM) was employed. The simulation was carried at 1550 nm region taking into 
account the high losses of POFs at this region. This has been done due the availability of 
devices and components needed for the experiment. The silica-SMF fiber employed in the 
simulation has a refractive index of 1.44615 and 1.43950 and diameters of 8.2 µm and 
125 µm, respectively for the core and cladding, allowing SM behaviour at the 1550 nm 
region. Regarding the MM-POF, which is shown in Figure 4.3.11, the diameters were 
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73.5 µm and 446 µm and the refractive index at 1550 nm was 1.5133 (extrapolated from 
the fit of the Sellmeier equation to the data taken in reference [96]), and 1.4794 (from the 
Sellmeier coefficients [214]), for the core (ZEONEX
®
 480R) and cladding (PMMA), 
respectively. 
The simulation area was set to 470 µm in height and 17 mm in length, where the 
content surrounding the fibers was filled with the refractive index of air (n = 1). The 
simulation results concerning the light field along the MM-POF can be seen in Figure 
6.3.1 (a) and (b). 
 
Figure 6.3.1 (a) Light field propagation inside a MM-POF. (b) Power, normalized to the input power 
along the optical axis of the MM-POF, against the length of the MM-POF. 
From the simulation results, one can find that the condensation of the light field occurs 
in multiples of 5.29 mm. In order to have enough length for the manipulation of the MM-
POF during the splicing as well as in the strain characterization process, it was decided to 
use the 18
th
 image, which corresponds to 9.52 cm of MM-POF. 
In order to fabricate the SMS structure, the MM-POF was annealed at 65ºC during 
24 hours. This step was done in order to remove any residual stresses present during the 
drawing process. The MM-POF was then measured with a digital caliper and cleaved at 
90º angle with a hot blade at both ends, leaving a length of approximately 9.5 cm. The next 
step was to treat the fiber end face with a proper polishing procedure, as described in 
section 3.4, which gave a smooth end face needed to avoid coupling losses between the 
fibers. Two silica-SMF pigtails were cleaved at 90ºangle and spliced to each terminal of 
the prepared MM-POF following the procedures described in section 3.5.2. The splicing 
steps used during the fabrication of the SMS structure can be seen on Figure 6.3.2 (a) and 
(b). 
(a) (b) 
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Figure 6.3.2 (a, b) Splicing process between silica-SMF and the MM-POF. (c) MM-POF based SMS 
transmission spectrum. 
After the splicing process the SMS structure was kept straight and the output 
transmission spectrum was acquired (see Figure 6.3.2 (c)). The transmission loss for the 
maximum peak achieved 25 dB. This value is mainly due to the attenuation of the 
ZEONEX
®
 480R core material at 1550 nm region and also due to the coupling loss 
between the fibersthat is a consequence of the refractive index mismatch. Even so, the 
transmission losses are well acceptable for sensing purposes. 
6.3.2 Strain Sensing with MM-POF based SMS Structures 
When axial strain is applied to an SMS structure, the strain-induced wavelength shift 
can be defined as, [254]: 
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Equation 6.3.1 
being  the peak power wavelength, a the core radius and L the length of the fiber. 
Additionally, each part of the equation can be written as: 
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Equation 6.3.4 
where p11 and p12 are the Pockel‟s coefficients of the stress-optic tensor,  is the Poisson‟s 
ratio of the fiber and pe is the effective strain-optic coefficient. Thus, Equation 6.3.1 can be 
rewritten as: 
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It can be observed that the relative wavelength shift is proportional to the axial strain 
applied to the MMF, which is similar to the FBG strain sensors (see Equation 5.2.6). 
To characterize the fiber sensor, a C+L ASE light source (model ALS-CL-17-B-FA), 
was injected in one end of the silica-pigtail fiber and the other end was connected to an 
optical spectrum analyzer (Yokogawa AQ6375). The fiber was fixed with LoctiteAA-3525 
UV curable glue, to a stationary and to a mechanical linear stage. The distance between the 
fixation points was 7.6 cm. The strain test was made in steps of 263.2 µε, in a total range 
of 2631.6 µε. The tests were performed at room humidity and temperature conditions, 
which were approximately 25 ºC and 85 %RH. The setup used for the experiment can be 
seen in Equation 6.3.1. 
 
Figure 6.3.3 Setup used for the strain characterization of the MM-POF based SMS structure. 
The results concerning the spectral wavelength shifts with increasing applied strain, 
can be seen in Figure 6.3.4 (a). From that, it can be observed that the spectra was linearly 
blue shifted with increasing strain. The wavelength peak power values were taken from 
each spectra and can be seen in Figure 6.3.4 (b). 
  
Figure 6.3.4 (a) Normalized spectra collected for different strain values. (b) Correspondent peak power 
wavelength shift (@1550 nm), for different strain values. 
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A linear regression model was adjusted to the data points presented in Figure 6.3.4 (b), 
obtaining an R-square value of 0.998 and a sensitivity of -2.77 ± 0.07 pm/µε. This value is 
quite similar to the one reported in literature for an SMS structure containing the POF 
MM-MORPOF01, represented in Figure 3.4.1 (i), which contains a 240 m PMMA core 
and 10 m fluorinated cladding [60], and three times lower than the one found for silica 
based SMS structures [252]. 
As previously described, the fiber used in the experimental characterization is 
composed of a PMMA cladding and ZEONEX
®
 480R core. Thus, when axial strain is 
applied to the MM-POF, a change in the length, diameter and refractive index of both core 
and cladding layers occurs, as described by Equation 6.3.1. Hence, the theoretical 
sensitivity is the net contribution of the sensitivities of both core and cladding materials 
with respect to their proportions in the whole fiber. According to that, and using Equation 
6.3.5, the theoretical sensitivity can be writedn as: 
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Equation 6.3.6 
where xPMMA and xCOP define the proportions of each material in the fiber, respectively for 
PMMA and ZEONEX
®
 480R. Concerning SPMMA and SCOP, they are related to the 
sensitivity of each fiber material. From the core and cladding dimensions, one can estimate 
the proportions of the fiber materials as: xPMMA = (r
2
clad - r
2
core) / r
2
clad = 97.3 % for 
PMMA and xCOP = r
2
core / r
2
clad = 2.7 % for ZEONEX
®
 480R. Since there is no 
information in literature for the photoelastic coefficient value of the ZEONEX
®
 480R, it is 
impossible to accurately predict the theoretical sensitivity given by Equation 6.3.6. 
However, since xPMMA >> xCOP, it is possible to restrict the problem to a fiber composed of 
only PMMA. Therefore, considering a photoelastic coefficient of pe = 96.3 × 10
−3
, found in 
section 5.2, a Poisson‟s ratio of ν = 0.35 (see Table 2.3.1), and considering the SMS 
structure operating at 1550 nm, one can find a theoretical sensitivity value of -
2.78 pm/This value is much similar to the one found in the experimental results, and 
reveals that considering the fiber as only one material (i.e. PMMA) was a good 
approximation. Additionally, it can be seen that the value found here, for both theoretical 
and experimental results, is almost twice the one found for a POFBG, which is about 
1.4 pm/ (see section 5.2). Moreover, it is worth to mention that the obtained sensitivity 
is of opposite sign as the one reported for the POFBGs. 
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6.3.3 Temperature Sensing with multimode SI-POF based SMS Structures 
The relative wavelength variation caused by a temperature change is dependent on the 
length, diameter and refractive index change of the fiber and can be expressed as [255]: 
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Equation 6.3.7 
where  and  are the thermo-optic and thermal expansion coefficient of the fiber 
material, respectively. From this equation it is obvious that the temperature sensitivity is 
similar to the one found for FBGs, as defined in Equation 5.3.2. 
In order to predict the theoretical sensitivity of the POF based SMS structure, it is 
necessary to consider the sensitivity to temperature for both materials that compose the 
fiber. Thus, from Equation 6.3.7: 
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Equation 6.3.8 
where PMMA = -8.5 x 10
-5
, PMMA = 6 x 10
-5
,COP = -12.5 x 10
-5
andCOP = 7 x 10
-5
, are the 
thermo-optic and thermal expansion coefficients of PMMA and ZEONEX
®
 480R, which 
can be found in Table 2.3.1. Considering the fractions of each material in the fiber 
calculated previously, it is possible to find a theoretical sensitivity value of -40 pm/ºC. 
The temperature characterization was done placing the setup used for the strain 
characterization, inside a climatic chamber (Angelantoni CH340), with resolutions of 
0.25 ºC and 3 %RH for temperature and humidity, respectively (see Figure 6.3.5). The 
fiber was kept straight in order to avoid curvature effects on the SMS structure. The 
temperature was swept from 25 to 40 °C in steps of 5 ºC, where the humidity was 
maintained at 85 %. For each temperature step it was given 1 hour of stabilization before 
signal acquisition, allowing thermal stabilization in the climatic chamber. 
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Figure 6.3.5 Setup used for the temperature characterization of the MM-POF based SMS structure. In 
this characterization, the mechanical setup used for the strain characterization (i.e. Figure 6.3.3) is 
placed inside the climatic chamber. 
The spectral responses collected for each step of temperature, can be seen in Figure 
6.3.6 (a). From each spectrum, the wavelength peak power was taken and the data points 
are shown in Figure 6.3.6 (b). 
  
Figure 6.3.6 (a) Normalized spectra collected for different temperatures. (b) Correspondent peak 
power wavelength shift (@1550 nm). 
As can be seen in Figure 6.3.6 (b), the data points are linearly red shifted and a linear 
regression model was applied. The obtained sensitivity was 212 pm/ºC, with an R-square 
value of 0.999. This value was six times higher than the one found for silica based SMS 
structures [252], however it was much lower than the ones found in literature for 
perfluorinated (48.8 nm/ ºC [61]) and partially chlorinated (6.76 nm/ºC [62]) graded index 
POFs. The reason is due to the net contribution of the thermal expansion and thermo-optic 
coefficient of PMMA and ZEONEX
®
 480R materials that compose the MM-POF. 
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Additionally, the core diameter and the dopants present in the MM fiber play also an 
important role on the sign and sensitivity of the structure [55]. Nonetheless, the calculated 
theoretical value is completely different from the one obtained experimentally. 
Additionaly, simulation results shown in [256], revealed that considering several positive 
values for  and , the sensitivity to temperature can have different values including 
negative ones, depending on the relation between  and . Regarding Equation 6.3.7, and 
considering only positive values for  and , it is easy to understand that a negative 
sensitivity is impossible to achieve. This result may indicate that Equation 6.3.7 cannot 
describe the process behind the thermal sensitivity, and further investigation on the 
theoretical sensitivity of the MMF employed in this characterization needs to be 
performed. 
6.3.4 Humidity Sensing with multimode SI-POF based SMS Structures 
Similarly to the expression defined in Equation 5.5.1 for a POFBG, the sensitivity of 
an SMS structure due to a humidity change, can also be represented by [48], [255]: 
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Equation 6.3.9 
where represents the swelling coefficient due to the humidity induced volumetric change 
and  stands to the refractive index change due to humidity. It is worth to mention that the 
MM-POF is composed of humidity insensitive and sensitive, core and cladding materials, 
respectively. Therefore, the volumetric and refractive index changes will only be 
accounted for the PMMA cladding material. Hence, the case is the same as the reported for 
POFBGs based on PMMA (see section 5.5), and thus, a value of 3.99 x 10
-5
 /%RH for  
and a value of 1.44 x 10
-5
 /%RH for , can be used in Equation 6.3.9, giving a theoretical 
POF based SMS structure sensitivity at 1550 nm region of 68.7 pm/%RH. 
For the humidity characterization, the setup previously used in the thermal 
characterization was employed (see Figure 6.3.5). The test was done maintaining the 
temperature constant at 25 ºC and keeping the fiber straight. The humidity was swept from 
30 %RH to 80 %RH in steps of 10 %RH. For each step of humidity, it was given enough 
time for the uptake of water by the PMMA polymer. 
Concerning the results, the spectra were red shifted with increasing humidity (see 
Figure 6.3.7 (a). However, in this test due to unknown reasons, the wavelength peak 
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power (@1550 nm) did not change with the humidity conditions. For that reason it was 
decided to use the wavelength shift that appears at the dip in 1570 nm. The data collected 
are shown in Figure 6.3.7 (b). 
  
Figure 6.3.7 (a) Normalized spectra collected for different humidity conditions. (b) Correspondent dip 
wavelength shift (@1570 nm), for each humidity value taken after 1 hour. 
As can be seen, the wavelength shift shown in Figure 6.3.7 (b) is linearly red shifted 
with increasing humidity. In this test, the PMMA absorbs the water present in the 
environment and swells, imposing stresses in different directions in the core MM-POF. 
Additionally, the uptake of water leads inherently to a refractive index change of the 
PMMA material. The combination of both effects around the polymer core, will affect 
directly the modes that are being propagated in the ZEONEX
®
 480R core, leading to a 
change in the spectra wavelength. A linear regression model was applied to the data shown 
in Figure 6.3.7 (b) and a sensitivity of 67 ± 1 pm/%RH, with an R-square value of 0.991 
was obtained. This sensitivity value is close to the ones found for POFBGs (i.e. 
section 5.5), and for a silica SMS structure coated with hygroscopic polymers [257]. 
Additionally, the value agrees well with the one found in the theoretical calculation which 
was 68.7 pm/%RH. 
6.4 Hybrid POF sensor with unclad multimode SI-POF and POFBG 
The combination of silica fiber optic technologies such as FBG and SMS structures 
has been explored in a variety of areas, allowing the opportunity to simultaneous detect 
different parameters such as strain and temperature [63], strain and bending[64], refractive 
index and temperature [65], among others. Since both POFBGs and POF based SMS 
technologies revealed successful results in both production and characterization to several 
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parameters, it was decided to create a hybrid fiber optic sensor, combining a POF based 
SMS structure with an integrated POFBG. In the previous sections, it was shown the 
capability to measure strain and temperature using this two fiber optic technologies. 
However, the POF employed in these tests contain PMMA in their structure which is a 
hygroscopic material. Consequently, either POFBGs as well as POF based SMS structures 
were also sensitivity to humidity. In order to develop a humidity insensitive device, 
polymers with low water absorption may be employed. Regarding the fiber used 
previously for the creation of an SMS structure, it is known that the core material satisfies 
this requirement. Therefore, to create a humidity insensitive device based on this MM-
POF, it is necessary to remove the PMMA cladding layer, creating what is known as no-
core fiber. Such procedure was already presented in section 4.3.3, were it was shown that a 
time of 70 minutes was needed to completely remove the PMMA cladding layer of the 
MM-POF. Still in the same section, it was also shown that by removing the PMMA 
cladding it was allowed the inscription of a POFBG in this unclad fiber by employing a 
248 nm KrF excimer laser. The results concerning the peak power growth as well as the 
resultant Bragg reflection spectrum obtained for a phase mask with period of 1033 nm can 
thus be seen in Figure 4.3.15 (a) and (b), respectively. One interesting thing about unclad 
fibers is the opportunity to measure the refractive index of the surrounding environment. In 
the following sections the POF hybrid structure will be created and parameters like strain, 
temperature, humidity and refractive index will be under analysis. 
6.4.1 BPM Analysis and SMS Structure Assembly 
In order to know the length of the etched-POF needed to produce a peak cantered at 
1550 nm region, it was used the same methodology described in section 6.3.1. For that, it 
was considered the same parameters previously described for the silica fiber, but in this 
particular case the simulation was restricted only to the COP core material. The simulation 
area was set to 130 µm in height and 23 mm in length, where the content surrounding the 
fibers was filled with the refractive index of air (n = 1). 
The correspondent light field distribution is presented on Figure 6.4.1 (a), where it can 
be observed its periodic evolution as it travels along the length of the etched-POF. The 
correspondent normalized field amplitude at 1550 nm is also presented (Figure 6.4.1 (b)). 
The first image is located approximately at 5.11 mm from the input fiber tip, and therefore, 
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the etched-POF should be cleaved at one of these maxima. Hence, in order to have enough 
length for the splicing process and for the posterior strain characterization test, it was 
decided to use the 20
th
 image, which corresponds to 10.22 cm of the etched-POF.  
 
Figure 6.4.1 The light field injected at the left by a silica SMF evolves periodically as it propagates 
along the fiber core. (b) Power normalized to the input power, along the optical axis of the etched-
POF. 
The length of the etched-POF containing the POFBG was measured with a digital 
calliper and the fiber tips were cleaved perpendicularly to the length with a sharp razor 
blade with a length of approximately 10.2 mm. Two silica-SMF pigtails were cleaved with 
FC/PC and FC/APC terminals and were spliced to each terminal of the prepared etched-
POF. Regarding the FC/APC silica pigtail fiber, it will be used to monitor the reflection 
signal from the POFBG, allowing the reduction of the background noise. The alignment 
and splicing process of the silica and POF terminals (through their centres) was made using 
the steps described in section 3.5, and can be seen in Figure 6.4.2 (a-d). Additionally, from 
Figure 6.4.2 (e), it can be seen white light from a SC source passing through the assembled 
structure, where it is clearly visible a huge amount of light scattering at the splice joints, 
which are inherently due to the refractive index mismatch between the three materials 
involved (silica, POF and glue). 
 
Figure 6.4.2(a-d) Alignment and splicing process between the silica SMF and the etched-POF. (e) 
Transmission of white light through the assembled SMS structure, showing high scattering at the 
splice joints. 
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After final assembly of the SMS structure, the fiber was kept straight and the transmission 
spectrum was taken using an interrogator (Micron Optics 125-500), (see Figure 6.4.4). The 
choice of using this device was inherently due to the capability of simultaneously measure 
the reflection and transmission signal from the FBG and SMS structure, respectively. Since 
the interrogator channels work simultaneously as input and output, it was necessary to fix 
one of the channels to work only as input. Therefore, channel 1 was defined to work as 
input/output, allowing to work as a power source and also to measure the reflection signal 
from the FBG. On the other hand, channel 2 was defined to read only the transmission 
signal that passes through the SMS structure. For that, an isolator was placed between the 
SMS structure and channel 2. The correspondent setup can be seen in Figure 6.4.4. 
 
Figure 6.4.3 Schematic used for the measurement of the reflection and transmission signals, using an 
interrogator with 4 ports (Micron Optics 125-500). “Ch1” is used as input/output, and “Ch2” can only 
work as input due to the use of an isolator right after the channel. 
After fiber assembly, the transmission spectrum was taken and it is shown in Figure 6.4.4. 
 
Figure 6.4.4 Transmission power spectrum after the SMS structure based on an etched-POF. The red 
dot indicates the peak to be monitored in the characterizations. The inset shows the measurement 
scheme. 
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As can be seen from Figure 6.4.4, the transmission spectrum presents several peaks and 
valleys, contrary to the expected (one single peak centred at 1550 nm). This result could 
have three main contributions: the etched-POF could be cleaved with a length different 
from the predicted from the simulation; possibility to have a mismatch between the fibers 
on the positioning process; and most probably, spreading of glue onto the etched-POF at 
the splice joints (i.e. Figure 6.4.2 (d)), which inherently affects the refractive index of the 
external environment on that region. Although, the peaks/valleys, can still be used to 
measure the external stimuli (ex. peak marked with red dot in Figure 6.4.4). From the same 
figure, it can also be observed a small valley at around 1565 nm (next to the peak marked 
with a red dot). This valey is due to the filtering produced by the POFBG. Since this 
transmission valey does not present enough signal to noise level, it was decided to not use 
it for the FBG characterizations - instead it was used the reflection signal from the 
POFBG (i.e. Figure 4.3.15 (b)). 
6.4.2 Strain Characterization 
For the strain characterization the silica - etched-POF connections were fixed with 
glue to a static and to a linear stage. The distance between the stages where the glue was 
inserted was 10 cm. The schematic of the characterization setup is similar to the one 
previously shown in Figure 6.3.6, yet, the employed acquisition system was the one shown 
in Figure 6.4.3, which allowed to simultaneous measure the POFBG reflection and SMS 
transmission signals. The strain characterization was done with steps made in 1 mε in a 
range of 15 mε (1.5 %). During the experiment the temperature and relative humidity were 
kept at 25ºC and 80 %, respectively. After each strain step, it was waited half a minute 
before signal acquisition, allowing the stabilization of the signals of both fiber structures. 
The results concerning the strain tests are shown in Figure 6.4.5 (a) for the POFBG 
reflection signal and Figure 6.4.5 (b), for the SMS transmission signal. 
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Figure 6.4.5 POFBG reflection spectra (red shift) and SMS transmission spectra (blue shift), collected 
for different strain increments at constant temperature and humidity. 
When the hybrid sensor is subject to an increase axial strain, the wavelength peak power is 
red shifted for the POFBG and blue shifted for the SMS structure. The results are 
summarized in Figure 6.4.6. 
 
Figure 6.4.6 Wavelength shifts produced by the POFBG and SMS structure for the strain 
characterization test. 
From Figure 6.4.6, a linear evolution of the wavelength shifts for the load and unload cases 
is shown, with no hysteresis for both fiber structures. By adjusting linear fits to the data 
points, it was found a POFBG sensitivity of 1.51±0.01 pm/µε for both loading and 
unloading cases, with R-square values of 0.999. The sensitivity values were similar to the 
ones found in section 5.2. Regarding the SMS wavelength shifts, the applied linear 
regression model produced sensitivities of -3.03 ± 0.01 pm/µε and -2.99 ± 0.01 pm/µε, 
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respectively for the load and unload cases, with R-square values of 0.999. When compared 
with literature, regarding SMS structures based on POF, it can be seen that the absolute 
value is quite similar to that found in [60]. The sensitivity was also similar to the one found 
for the SMS structure containing the raw fiber found in section 6.3.2 (~-2.78 pm/), 
which indicates that the photoelastic coefficient and Poisson‟s ratio of PMMA and COP 
materials could be similar. 
6.4.3 Temperature Characterization 
Regarding the temperature characterization, the relative humidity was set to 80 % and 
the fiber was kept straight to avoid curvature effects on the SMS transmission and FBG 
reflection signals. Since the maximum operation temperature of ZEONEX
®
 480R is 
between 100 to 110ºC [91], it was decided to run the temperature test from 25 to a 
maximum of 105 ºC. The temperature was swept in steps of 5 ºC giving 30 minutes of 
stabilization before signal acquisition. 
For the results concerning the temperature tests, it can be seen the spectra of the 
reflection POFBG and transmission SMS signals in Figure 6.4.7 (a) and (b), respectively. 
  
Figure 6.4.7. FBG reflection and SMS transmission spectra, collected when the temperature is 
increased at constant strain and humidity. 
From Figure 6.4.7, it can be observed that when the temperature is increased, it occurs 
a blue-shift of the POFBG reflection spectra and a red-shift of the SMS transmission 
spectra. The measurement of the peak wavelength shift of the spectra of both structures for 
the increasing and decreasing temperature can be seen in Figure 6.4.8. 
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Figure 6.4.8 Wavelength shifts produced by the POFBG and SMS peak power for the temperature 
test. 
  
The results shown in Figure 6.4.8, reveal linear tendency, however, small hysteresis 
can be observed for both wavelength shift of both structures, for temperatures between 45 
and 80 ºC. The reason for such deviation could be related with the annealing process, 
where a higher temperature or longer exposure time may be needed. By applying linear 
regression model to the POFBG wavelength shifts, an R-square value of 0.998 was 
obtained for increasing and decreasing temperature tests, were the sensitivities were -
64.6±0.2 pm/ºC and -64.3±0.2 pm/ºC for the increasing and decreasing temperature 
respectively. The values are quite similar to the ones obtained for FBGs written in mPOFs, 
found in section 5.3 and with the ones found in literature [49]. A linear regression model 
applied to the data points obtained for the SMS structure has produced sensitivities of 
102.2±0.3 pm/ºC and 103.6±0.3 pm/ºC for the increasing and decreasing temperature, 
respectively, with R-square values of 0.998 for both tests. The obtained values are three 
times higher than the ones found for silica fibers (i.e. [250]), but much smaller than the 
ones found for SMS structures based on perfluorinated [61] and partially chlorinated 
POFs [62]. However, it is known that the diameter, as well as the material (e.g. dopant) of 
a MMF, plays an important role on the sign and sensitivity of the SMS structure [55]. On 
the other hand, the sensitivity value was two times lower than the one found for the SMS 
structure containing the raw fiber and found in section 6.3.3, which was 212.3 pm/ºC. This 
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result is although expected, since the contribution of the PMMA cladding to the 
temperature sensitivity is no longer present. 
Finally, the results have shown for the first time, the operation of an SMS structure 
based on an etched-POF in an extended range of temperature, which is much higher than 
the ones presented for POFs based SMS structures found in [61], [62] 
6.4.4 Humidity Characterization 
The low water absorption provided by the COP material offer advantages regarding 
the development of POF sensors insensitive to humidity. In order to know the POFBG and 
SMS wavelength stability, a humidity test was performed with the fiber straight and with a 
constant temperature of 25 ºC. The relative humidity was swept from 30 % to 90 % in 
steps of 10 %, giving 3 hours for each step, allowing enough time for the uptake of water 
by the COP polymer. 
The results concerning the effect of humidity on the wavelength stability of both 
POFBG and SMS structures can be seen on Figure 6.4.9. 
  
Figure 6.4.9 Wavelength shifts produced by the POFBG and SMS peak power for the humidity test, 
acquired at each 10 minutes. 
The wavelength shifts observed for the POFBG and SMS structure when the humidity was 
changed from 30 % to 90 %, are about 70 pm and 300 pm, respectively. These wavelength 
shifts, although small, are higher than the expected for POF sensors based on similar 
polymer materials [49], [75]. Nevertheless, there are two important considerations to take 
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into account in this test. First, the temperature errors from the climatic chamber (i.e. 
0.3 ºC), will impose through the temperature sensitivities found in Figure 6.4.8, errors of 
about 20 and 30 pm for the POFBG and SMS structure, respectively. Secondly, the 
climatic chamber has no water condenser, and therefore, small drops of water adhere to the 
surface of the etched-POF. This adhesion of water, changes the external refractive index of 
the etched core fiber and thus, the wavelength shift of both POFBG and SMS structures. 
These measurements were done using a box around the hybrid POF sensor, allowing to 
minimize such detrimental effect. When removing such protective box, the wavelength 
shifts were as high as 350 pm for the POFBG and 1000 pm for the SMS structure. 
Consequently, we cannot conclude that the observed wavelength shifts are due to the 
humidity change, since it can be simply due to the temperature errors or due to the water 
condensation on the surface of the etched-POF that are not completely avoided with the 
protective box around the device. 
6.4.5 Refractive Index Characterization 
In the humidity characterization test shown in the previous section, it was 
demonstrated that the hybrid fiber sensor was almost insensitive to the humidity changes. 
Therefore, the capability to measure refractive index through volumetric changes 
associated to the water intake due to the osmotic pressure of the liquid surrounding the 
fiber, as previously demonstrated in section 5.6, cannot be explored. Moreover, in 
section 5.5, it was shown that the PMMA water uptake can be a time consumption process 
which can take several tens of minutes, depending on the diameter of the POF (see Figure 
5.5.3), which is a disadvantage in such kind of sensors. Furthermore, if one considers the 
SMS structure based on the unclad fiber, then, the evanescent field of the guided modes 
propagating through the multimode POF are allowed to interact with the external 
environment. This interaction is therefore, prone to measure the refractive index of the 
external environment as already demonstrated in literature using silica fibers either no-
core-fibers [221], or etched fibers [220], [251]. 
In order to measure the refractive index, the fiber was left straight and the temperature 
was kept at 25 ºC. In this test it was inserted a “U” shape liquid container below the hybrid 
sensor and between the mechanical stages used for the strain test. This container was glued 
at the edges, preventing leakage of the liquid solutions. Five different solutions of 
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water/isopropyl alcohol were prepared and the refractive index was measured at 589 nm 
using an Abbemat 200 refractometer with resolution of 1 × 10
−6
, and at a temperature of 
25 ºC. In this test, the reflection and transmission spectra were collected when the liquid 
solutions with refractive index from 1.333 to 1.368, fully cover the etched-POF. The 
spectra were collected after five minutes of exposure of the fiber structure to each 
refractive index solution. By doing that, it was given time to allow stabilization of the 
solution covering the fiber. The results concerning the spectra collected for each refractive 
index solution may be seen in Figure 6.4.10 (a) and (b) for the SMS in transmission and 
FBG in reflection spectra, respectively. 
  
Figure 6.4.10 SMS transmission (a) and POFBG reflection (b) spectra, obtained for different refractive 
index solutions. 
Regarding the results collected for the SMS transmission signal, it can be seen that the 
spectra was red shifted with increasing refractive index of the external medium The results 
are in agreement with theory, because according to the Goos–Hänchen effect, the lateral 
penetration depth of the field into the liquid solutions is higher for low contrast 
waveguides [244], as it occurs when the refractive index of the solutions is increased. 
Consequently, the effective diameter found in Equation 6.1.5, will increase, increasing also 
the effective refractive index, because the evanescent filed penetrates more into the liquid. 
Consequently, the centre wavelength of the bandpass filter expressed through 
L
Dn
p MMFMMFMMI
2
 , obtained by replacing Equation 6.1.5 into Equation 6.1.16, will be red 
shifted as observed experimentally. It is worth to mention that the peaks and dips that 
appeared in Figure 6.4.4 (when the fiber was in air), were changed. Therefore, for 
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convenience, it was considered the dip found at 1550 nm to monitor the wavelength 
change. 
Regarding the POFBG reflection spectrum shown in Figure 6.4.10 (b), it can be seen 
that when the fiber was immersed in water (n = 1.3334), the peak power was reduced when 
compared with the condition when the fiber was in air (see Figure 4.3.15 (b)). This 
reduction is even more pronounced when the refractive index of the solutions is increased. 
However, this behaviour was already expected, since there is more leakage of light from 
the unclad POF to the external medium as the refractive index increases. On the other 
hand, it can be seen that the spectra is blue shifted with increasing refractive index. This 
result was unexpected, since the effective mode index in Equation 4.1.1 is increased when 
the refractive index of the external environment increases, leading to have a theoretical red 
shift of the resonance Bragg wavelength [258]. However, the fiber used in this experiment 
has a large core diameter, and therefore, more than one core mode can propagate and 
satisfy the phase matching condition. Thus, the mode coupling in a multimode FBG is, 
more complicated than in SMF FBGs, and therefore, difficult to predict [259]. The surface 
tension of water and alcohol could be the possible reason to explain the behaviour shown 
here. However, this is only a hypothesis and a detailed work needs to be addressed in the 
future to explain the phenomenon. 
The results concerning the dip and peak wavelength shifts observed for the SMS 
transmission and POFBG reflection spectra, shown in Figure 6.4.10 (a) and (b) 
respectively, can be seen in Figure 6.4.11. 
 
Figure 6.4.11 Experimental wavelength shifts obtained for the SMS structure (transmission signal), 
and POFBG (reflection signal), for different external refractive index solutions. The theoretical SMS 
wavelength shift obtained from the BPM simulation is drawn with a black line. 
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The POFBG and SMS wavelength shifts observed for the range in study were 0.3 and 
11.2 nm, revealing that the change in the refractive index of the external environment has a 
great impact on the SMS structure. On what concerns the sensitivities, it was adjusted a 
linear regression model to the regions between [1.333 - 1.354] and [1.354 - 1.368]. The 
absolute values found for the lower refractive index region were 4.49 ± 0.01 and 
193.9 ± 0.01 nm/RIU, with R-square values of 0.999 and 0.994, respectively for the 
POFBG and SMS structure. For the higher refractive index region, absolute sensitivity 
values of 13.79 ± 0.01 and 515.29 ± 0.04 nm/RIU and R-square values of 0.998 and 0.996, 
were obtained respectively for the POFBG and SMS structure. The presented values are 
intrinsically related with the diameter of the fiber used [220] and also due to the refractive 
index of the fiber material. Nevertheless, the values found for the SMS structure in the 
lower refractive index region are in good agreement with the ones found in literature for 
unclad silica based SMS structures [220], [250]. 
In order to corroborate the refractive index experimental results obtained for the SMS 
structure, it was implemented the BPM simulation found on the numerical simulations (see 
section 6.4.1). For that, the region around the fibers, which was previously filled with a 
refractive index of air (n = 1), was now replaced by the refractive index of each prepared 
solution ([1.3334 - 1.3678]). The results concerning the normalized peak power of the 
input field along the optical axis of the unclad POF for the 4
th
 self-image, concerning 
different refractive index solutions, may be seen in Figure 6.4.12. 
 
Figure 6.4.12 Power normalized to the input power for the 4
th
 self-image, along the optical axis of the 
etched-POF, considering the refractive index of the different solutions determined experimentally. 
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From Figure 6.4.12, it was obtained the distance were the normalized peak power of 
the 4
th
 self-image appears for each refractive index solution, and it was inserted in 
Equation 6.1.16. The correspondent theoretical wavelength shifts are thus presented by the 
black curve on Figure 6.4.11, revealing good agreement with the experimental results. 
6.5 Summary 
In this chapter, the theoretical background on multimode interference, together with 
the state of art of fiber based SMS structures has been introduced. 
The creation of a SMS structure based on a MM-POF, composed of PMMA cladding 
and ZEONEX
®
 480R core materials was created and characterized. A BPM simulation was 
employed to determine the length of MM-POF needed to have a peak centered at the 
1550 nm region. The structure assembly was done in a special arrangement in order to 
allow axial alignment between the silica fibers and the MM-POF. The sensor was then 
characterized to strain and temperature, revealing sensitivities similar to the ones found in 
literature. Furthermore, the absorption capabilities offered by the PMMA cladding material 
of the MM-POF were used to characterize for the first time this type of structure to 
humidity. Results revealed sensitivities close to the ones found for FBGs written in PMMA 
based POFs and silica SMS structures with hygroscopic polymer coatings. 
Additionally, in this chapter, it was created a hybrid POF sensor based on a POFBG 
and an SMS structure. The multimode fiber used to create the SMS structure was based on 
the unclad version of the MM-POF, whose COP core is exposed to avoid water uptake. 
Characterizations have shown the capability to measure strain and temperature. 
Additionally, the ability to detect refractive index with the POF based SMS structure is 
shown for the first time. The obtained sensitivities were validated theoretically and have 
shown to be similar to the ones reported in literature for silica fibers. Nevertheless, the low 
water absorption characteristics offered by the COP material, revealed that the sensor is 
weakly influenced by the external humidity. Moreover, the use of both fiber structures 
(POFBG and SMS), can be employed on a mutiparameter scheme, allowing to detect for 
instance strain and temperature without concerns on the humidity changes. 
In conclusion, the easy fabrication procedure, the low cost of production and the high 
sensitivity offered by these fiber optic sensors, makes them appealing for different sensing 
areas. 
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Conclusions and 
Future Work 
End face preparation of POFs 
In this work it was demonstrated a new and partially automated process, capable to 
provide a smooth end face termination in different small diameter POFs, including: 
microstructured; graded-index; and step-index designs. The cross-sectional shape of the 
fibers was preserved and the structure in case of mPOFs is of good quality, showing no 
plastic deformations. The termination was achieved in fast and easy way, independent of 
material properties or structures inside the fiber. The process is reproducible and it shows 
that thin-diameter POFs can be used. The POFs near-field pattern and the insertion loss to 
a silica pigtail fiber were also analysed, showing good coupling capabilities. Additionally, 
a permanent joint splice between the prepared POFs and a silica pigtail fiber was also 
under test considering different photo-polymerizable glues. Despite the good coupling 
results, problems arising from the time needed to align the fibers, skill of the operator, cost 
of the precision instrumentation, and the stability needed for the whole curing process, 
reveal a high demand for a new improved solution. To solve this problem a known method 
based on light-induced self-written (LISW) polymer waveguide may be addressed. Such 
method is based on an easy and low cost process of photo-polymerization, where its main 
application is focused the coupling between a laser diode and a silica optical fiber [260]. 
Nevertheless, the process has already been used to couple dissimilar fibers. To produce this 
kind of structure a photo-polymerizable glue is placed between the fibers to splice. Light is 
then injected at the other two fiber terminals. Next, the photons that arrive to the tip of the 
fibers will be absorbed by the resin increasing its refractive index and opening a path for 
the new photons that will arrive. This will in turn result in the confinement of light in the 
polymerized region, creating the LISW waveguide between the two fibers to splice. The 
advantage of this process is the effectiveness of the formation of the LISW waveguide 
between the core of the two fibers, even considering the presence of a gap, or a transversal 
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offset between the fibers [261]. To complete the joint splice, the excess unpolymerised 
resin needs to be washed out and a new photo-polymerizable resin with a lower refractive 
index and with a high toughness could be inserted at the joint, followed by side irradiation. 
This final stage will then give the mechanical stability needed for the movement of the 
fibers without compromising the signal integrity on the coupling. 
In order to create this kind of structure between a POF and a silica fiber, the light 
needed to create the LISW waveguide needs to be capable to photo-polymerize the resin 
but also to be capable of being transmitted through the polymer that composes the POF. As 
known, polymers materials have high absorption at the UV region, where most of the 
photo-polymerizable resins exist. Therefore, the correct choice of the resin to employ and 
consequently its absorption peak wavelength, needs to be tailored to not compromise the 
light transmission through the POF. 
POFBGs using a 325 nm HeCd UV laser 
An inscription setup using the most preferred UV radiation for the inscription of 
POFBGs was created in this dissertation. The system employs a 30 mW HeCd UV laser 
operating at 325 nm and it is based on the phase mask technique. The inscription of FBGs 
in different POFs at two different spectral windows (i.e. 850 nm and 1550 nm), has been 
demonstrated with successful results. The grating growth behavior was analyzed and 
revealed similarities to type I Bragg grating at the beginning of the inscriptions process, 
followed by a type II grating growth behavior. Evidence from that was the appearance of a 
single Bragg peak at the beginning of the inscription process, which in turn agrees well 
with the SM behavior of the fiber used. Additionally, it was also an indication that the 
refractive index modulation was being created at the core POF, which in turn indicates a 
type I Bragg grating. However for long exposure times, the resonance Bragg peak starts to 
become broadened at the left side of the spectra, as an indication of the change of the 
refractive index at the cladding region. The spectra becomes even broadened until the 
saturation is achieved and the laser is turned off. The increasing bandwidth at the short 
wavelength side of the spectra was thus an indication of the refractive index modulation at 
the cladding region. Due this fact, the grating formed was considered to be a grating of 
type II. Additional evidences from that were observed by the microscope images taken at 
the irradiated area, where the POFBGs were written. Those areas revealed permanent 
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damages at the cladding region, which is a clear indication of the photodegradation of the 
polymer under long exposure times. The occurrence of damages is also known to be clue 
of type II Bragg grating. 
During the inscription it was shown that the resonance Bragg wavelength was blue 
shifted, being then red shifted after the laser is turned off and stabilized after few minutes. 
The blue shift was an indication of both permanent refractive index change as well as rise 
of temperature, while the red shift until stabilization was due to the temperature decrease 
until the equilibrium was achieved. Concerning the permanent refractive index 
modification, which revealed to be negative, it was associated to a photodegradation 
process, being the main mechanisms concomitant to a permanent side chain scission of the 
polymer main chain, leading to molecules with short length and promoting high degree of 
freedom, i.e. decrease of the refractive index. 
POFBGs at the 600 nm region have also been under research in this work. However, 
the success on the visualization of those gratings was not effective, possibly due the 
inappropriate light delivering source employed. Therefore, due the benefits of having a 
POFBG at this region, further work needs to be done, probably focusing to use 
supercontinuum sources which have revealed successful results in literature. Further 
improvements on the phase mask inscription setup need also to be addressed. For that, it is 
intended to use a support to secure the phase mask and two clamps to secure the fiber at the 
ends. By doing that, the fiber will be in suspension which reduces the risk of damages at 
the phase mask and also the amount of light scattering that is generated at the v-groove, 
which is probably the main reason for several unsuccessful results not described in this 
dissertation. In the overall, Bragg gratings written with 325 nm UV laser demonstrate good 
characteristics and are prone for their use in sensing and communication applications. 
POFBGs using a 248 nm KrF UV laser 
In order to solve the problems associated with the tens of minutes needed to inscribe a 
single Bragg grating using the 325 nm UV radiation, and taking into account the high 
photosensitivity that can be achieved at shorter wavelengths, it was decided to study the 
effects of a 248 nm KrF UV radiation in a few mode mPOF. For that it was taken into 
account the literature knowledge about refractive index modification under the incubation 
phenomenon, for which the ablation is not observed. Hence, the laser parameters were 
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adjusted to low frequency and low energy. Results revealed that for 60 seconds exposure 
with a frequency of 1 Hz and 3 mJ/cm
2
, there were no evidences of surface ablation at the 
polymer surface. After the pilot test, it was decided to create an inscription setup based on 
the phase mask method. The inscription of the Bragg grating was tested at the 1550 nm 
region due the availability of devices. The inscription was seen in real time revealing a fast 
inscription of a POFBG, which achieved less than 30 seconds, being well below than the 
7 minutes record inscription time reported in literature using a HeCd 325 nm laser. It is 
believed that the grating is of type I since the resonance Bragg peak does not show losses 
at the short wavelength side of the spectrum. Analysis from microscope images of the 
exposed POF reveals no damages at the fiber surface which is in accordance with a type I 
Bragg grating. The results prompt thus to a refractive index modulation in the core POF 
done during the incubation phenomenon and below the PMMA ablation threshold. The 
capability to modulate the refractive index of the polymer material was only achieved due 
to the combination of three key factors, which were: the low fluence; the low repetition 
rate; and low number of pulses. During the Bragg grating inscription, the Bragg 
wavelength peak suffered a permanent blue shift, which was an indication of a negative 
refractive index change. The phenomenon was explained as a consequence of the 
photodegradation process. In a first instance the polymer main chain suffers a side chain 
split, generating new unsaturated species. The complete separation of the side chain of 
PMMA causes the formation of a radical electron at the -C-atom, which leads to a 
destabilization of the polymer main chain causing its scission and forming short length 
molecules, promoting to a high degree of freedom, i.e. decreased refractive index. The 
capability to produce a POFBG array was also demonstrated in the same few mode mPOF 
used in the first inscriptions. Results revealed that the Bragg resonance wavelength reaches 
different reflectivities which were assumed to be related to the orientation of the 
microstructure against the laser beam. The inscription setup was also employed for the 
fabrication of FBGs in other mPOFs and SI-POF. 
The inscription of a POFBG in an unclad fiber based of a COP material was 
demonstrated for the first time. Without literature knowledge neither a deep study about 
the photosensitive mechanisms in a COP material it was impossible to predict the main 
phenomena behind the refractive index change in this type of plastic material. 
Nevertheless, the inscription of POFBGs in these types of polymer fibers brings benefits 
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regarding the capability to create humidity insensitive POFBG sensors, or even the 
capability to resist at high temperatures (above 100ºC). Thus from this point of view, fibers 
composed of this material are highly recommended. 
POFBGs at the low loss region have been attempted to be written with the current 
system. Results have proven the capability to write POFBGs at the 850 nm, considering a 
phase mask suited for 325 nm. However, the result was quite difficult to replicate, 
probably due the high zeroth order as a consequence of the unsuited phase mask. In future 
works, it is highly recommended the use of a phase mask suited for the 248 nm UV region, 
with well supressed zeroth order, in order to take advantage of the devices and components 
already developed for the silica fibers at 850 nm region, as well as the lower losses of 
polymers at this wavelength window. 
Attempts to write POFBGs at the 600 nm with suited phase mask was under study. 
Despite the intense work devoted, it was not possible to see the Bragg reflection spectrum. 
Possible reasons may be due to the high coupling losses together with the losses generated 
by the unsaturated species that are formed under 248 nm UV radiation, which are known to 
absorb at the UV region, extending their tails into the visible region. Regardless of the 
unsuccessful results, it is pointed as a future work, the inscription of POFBGs at the 
600 nm region in other polymer based POFs, allowing to understand if the problem 
persists. 
POFBGs in HiBi mPOFs were also inscribed with the 248 nm UV laser, 
demonstrating their spectral characteristics for the first time. At the beginning of the 
experiment, it was calculated the wavelength region were the fibers present high phase 
birefringence, either by computing the effective mode index of the fundamental mode for 
the two polarization states, and by employing a wavelength scanning method. Results have 
demonstrated that the mPOFs have high phase birefringence located at the infrared region, 
as expected. Based on that, POFBGs have been written at the 1550 nm region. Results 
revealed two Bragg peaks, one for each orthogonal polarization. Polarization sensitivity 
was also under study proving that the Bragg peaks can change their intensities by changing 
the polarization state of light. At the end, a comparison between the phase birefringent 
results obtained from the numerical simulations, wavelength scanning method and from the 
separation between the two Bragg peaks was shown. The creation of high sensitive 
2017 Novel Techniques and Devices for Sensing Technologies 
 
222  
 
sensors, capable to discriminate for instance strain and lateral pressure is a simple 
application that this kind of POFBGs may found in the near future. 
In the overall, the 248 nm UV radiation showed that common Bragg grating systems 
designed for silica fibers can be used to inscribe FBGs is POFs, paving the way for a more 
intense use of these structures in both telecommunications and sensors industries. 
Characterization of POFBGs to: strain, temperature, humidity and 
refractive index 
POFBGs that were fabricated through the phase mask method employing the 325 nm 
and the 248 nm UV lasers were used to characterize different external parameters. 
Therefore, strain, temperature, pressure, humidity and refractive index were under 
investigation. 
For the POFBG strain characterization, it is important to know the mechanical 
properties of POFs. Useful mechanical parameters were measured by employing a tensile 
test, from which it was obtained the stress strain curves. It was shown that independently 
of the fiber structure material or diameter, the yield strain does not exceed 2 %. Above this 
limit, the plastic behavior will be accounted, which prompts to the occurrence of 
irreversible changes. Other parameters such as the Young‟s modulus, yield stress, the 
rupture stress and strain among others, were also accessed. 
For the POFBG strain characterization, it was shown that the resonance Bragg peaks 
are linearly red shifted upon strain increase. Linear fits were adjusted to the peak power 
wavelength shifts revealing sensitivities similar to the ones found theoretically and in 
literature. 
For the temperature tests, the POFBG were inserted in a climatic chamber, observing a 
blue shift of the resonance Bragg wavelength with increasing temperature. The results 
were in accordance with the predictions due the negative and larger thermo-optic 
coefficient of PMMA, when compared with the thermal expansion coefficient. 
Additionally the temperature tests were performed in a non-annealed fiber, revealing a 
non-linear behavior for high temperatures, as already reported in literature. On the other 
hand, annealed POFBGs revealed a linear behavior for the same range of temperature, 
revealing the importance of this procedure. Temperature sensitivities were in accordance 
with the ones found theoretically and in literature. 
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For the pressure tests, the POFBGs were inserted in a pipe attached to a compressed 
air cylinder, results revealed that the Bragg reflection spectra is red shifted with increasing 
pressure, achieving a sensitivity that is fifty times higher than the one found theoretically 
for silica fibers. Conversely, the results were affected by the changes of temperature inside 
the pipe which were not taken into account. For that reason, posterior POFBG 
characterizations to pressure should be performed with the pipe filled with a viscous fluid, 
allowing lower heat dissipation compared to air. At the same time this procedure will allow 
the stabilization of the humidity changes since the POFBGs will have the same humidity 
conditions during the whole characterization. Alternatively, to this method, one can 
measure the actual temperature inside the chamber for each step of pressure and calibrate 
the wavelength shift signal taking into account the temperature sensitivity of the POFBG. 
For the humidity characterization, the fibers were inserted in a climatic chamber and 
the humidity was step increased. During each humidity step, the time response of each 
fiber was different. The discrepancies were associated with the time needed for the water 
uptake by each fiber which is related to the fiber diameter. Therefore, POFs with small 
diameter revealed to be a better choice for the measurement of humidity taking into 
account the response time. Regarding the sensitivities, the POFBGs show similar values 
for the fibers in study, being the values close to the ones found in literature. 
Refractive index measurements were also under study in this work using a POFBG 
written in a SM-125 mPOF. The phenomenon associated with the water uptake by the 
polymer as it occurs in the humidity detection is also present in the refractive index tests. 
However, for different solute concentrations, the amount of water retained or absorbed by 
the polymer will depend on the osmotic pressure of the solution. Therefore, it was 
observed that for high concentration/high refractive index solutions, the polymer tends to 
drive the water from inside of the fiber to the outside medium. This will in turn lead to a 
compression of the fiber and inherently a compression of the period of the Bragg grating 
which is observed as a blue shift of the resonance Bragg peak. In order to enhance the 
response time of the employed POFBG, an etching of part of the cladding region could be 
performed. 
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POF based SMS structures 
SMS structures based on POFs have been created and characterized to several 
parameters. The first developed POF based SMS structure was composed of a COP core 
and a PMMA cladding. In a first characterization test, the fibers have shown the capability 
to measure strain and temperature. Additionally, taking into account the water absorption 
capabilities offered by the PMMA material, the sensor was characterized to humidity. 
Results revealed for the first time, the capability to measure humidity with this kind of 
fiber structure. Furthermore, the obtained sensitivity was similar to the ones found for 
POFBGs. In the overall the sensor revealed good performance, but the time needed for the 
water uptake should be reduced in order to increase the response time of the sensor. 
Therefore, future improvements may pass through the use of a thinner PMMA fiber. An 
example of that could be an etched version of the MM-MORPOF01. 
Hybrid sensor composed of a POFBG and SMS structure 
A hybrid sensor composed of a POF based SMS structure containing a POFBG was 
developed and characterized. The hybrid sensor was created using a no-core POF based on 
a COP material. The fiber was obtained from an etching process which was done in order 
to remove the PMMA cladding layer, allowing to expose the COP core POF and at the 
same time the inscription of a POFBG. After the assembly, the hybrid sensor was 
characterized to strain and temperature, revealing good linearity‟s and sensitivities similar 
to the ones obtained with other POF devices created in this work. Nevertheless, it was 
shown the capability to measure temperature in an extended region, which was much 
higher than the ones reported in literature. A humidity test was undertaken to reveal the 
low absorption capabilities offered by the COP material. Results revealed that the sensor is 
almost insensitive to humidity. Finally, taking into account that the modes guiding into the 
fiber can interact with the external environment, the hybrid POF sensor was also 
characterized to refractive index. Results revealed that the SMS structure is an optimum 
choice for the detection of this parameter, were sensitivities revealed to be similar to the 
ones obtained for silica based SMS structures. Additionally, results from BPM simulations 
were used to confirm the experimental results, revealing good agreement. The 
opportunities of using this fiber device in a multiparameter scheme can also be explored. 
Examples of that can be the simultaneous measurement of strain and temperature without 
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concerns on the humidity changes. In the overall, the low cost of production and the high 
sensitivity attained with this kind of fiber device can bring new opportunities in the sensing 
area. 
 
 
 
In conclusion, the use of POFs has been growing in last years. The main reason is due the 
interesting properties of polymers. Additionally, when POFs are combined with different 
fiber optic technologies, novel devices can be created that benefit different applications. 
Moreover, this dissertation revealed that even twenty years after the first demonstration of 
a FBG in a POF, using a 325 nm UV laser, the paradigm can change, and benefits from 
employing other wavelength sources may be achieved. In the overall this work paves the 
way for a more intense use of both POFs and POFBGs in both sensors and 
communications applications. 
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